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INTRODUCTION 


A V STOI,  airiratt  is  cmu'  lapalile  of  takeoff  and  iarKiin>>  in  tiie  verti- 

o. i  1 difcition  or  witli  ,i  sf.ort  ground  roll  as  compared  with  conventional 
aiiar.ilt.  Ihe  lechimlogv  which  makes  these  unconventional  modes  of  flight 
possible  for  a practical  aircraft  is  a significant  departure  from  conven- 
tional aircratt  design  in  the  areas  of  aerodynamics,  propulsion,  and 

t 1 i ght  cont  ro 1 . 

Ihe  piloting,  tasks  in  the  unconventional  flight  regime  .are  likewise 
ditliT'ent.  This  is  prim.irilv  because  of  dlff»'remi's  in  task  goals  and 
ditliTcnces  in  tin-  V/.b'i'Ol.  aircraft's  responses  to  the  pilot  's  controls. 

Add  i t ion.il  dittiu'enies  arise  out  of  the  nature  ('f  the  V'/STOl.'s  lift/ 
propulsion  system  certain  kinds  ol  aircraft  motion  insttthi  1 i t ies  tind 
unusu.al  sensitivity  to  aerodynamic  disturbances.  Both  imply  additional 
t.asks  tor  the  pilot,  or  function.s  for  automatic  flight  controls.  The 
result  in  p.ast  V/STOI,  ilesigns  has  been  excessivt-  workload  demands  on  the 
pilot  in  one  or  more  flight  phases.* 

ITiis  report  provides  a lirief  outline  of  V/STOl,  technology  which  has 
impact  on  the  pilot's  role.  It  is  intended  for  re.aders  involved  in  human 
•actors  aspects  <)t  V/Si’OI.  development  which  in  past  programs  usually  have 
been  regarded  as  peripheral  to  the  aerodynamics,  propulsion,  and  flight 
control  technologies  discussed  here.  It  is  assumed  that  the  reader  has 
at  le.ist  a casual  acquaintance  with  conventional  .aircraft  and  their  aero- 
dyn.imic  princi  pit’s  of  operation. 

Ihe  report  begins  with  a description  of  the  V/STOL  aircraft,  its  key 
d i s t i ngu  i sh i ng  features,  and  its  operating  principles.  The  description 
is  exp.anded  in  the  areas  of  propulsion  and  flight  controls,  then  pulled 
together  in  an  outline  of  the  V/STOLs'  motion  behavior  as  realized  in 

p. ast  desip,ns.  ihe  report  concludes  with  .in  outline  ot  future  trends  in 
V/STOL  aircraft  design. 


^ .Naval  Wea|)ons  Center.  i'la'Ve.y  J'  I'iLotiruj  Faatovs  in  Fixed  Witia 
V/Fd  -'i  Aivt’vaft,  by  Robert  F.  Rlngland,  Samuel  .1.  Craig,  and  Warren  F. 
Clement,  Systems  Technology,  Inc.  China  Lake,  Calif.,  NWC , February 
1977  . (NWC  TF  ')9A1,  publication  UNCLASS  I FI  F.I) . ) 
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V/STOL  AIRCRAFT 


The  itosi^n  ot  .my  .i  i rcr.if  t , be  it  a con  ven  t i on.)  1 airplane  or  an  uni'on- 
vention.il  V/STOL,  requires  the  resolution  of  .1  number  oi  potent  i. illy  ron- 
fliitiny,  re(|u  i renient  s in  the  several  i n t e r r e 1 .1 1 eii  are.is  ul  .lirr.itt  desip, n. 
This  seotion  explores  the  n.iliire  oi  '.'/STOl.  . liter, ift  hy  oullininp  some 
petieral  requ  i remetU  s .ind  i h.ir  ai- ter  i s ' i .'s  .itui  presetUitig  a limited  niimbet 
ot  ex.imple  aiiirtift  to  illustrate  ke"  cotif  i gu  r .1 1 i on  design  ,is|>e(ts. 

These  itii  lude  disk  loading,  engine  l.iilure,  eonversion  methods,  and  . oti- 
trol  toroe  getieration. 


WHY  V/STOL? 

Beo.iuse  of  the  requiremiuit  lor  relative  motion  between  the  lilting 
surface  (airtOil)  and  the  air  in  order  to  generate  lift,  thi'  convent  ion, il 
.airplane  must  aihieve  some  minimum  speed  on  the  ground  before  it  i ,m  lua  ome 
.lirborne.  This  requires  .1  runw.iv  which  allows  the  airpl.ane  somi-  distaiue 
for  accelerating  up  to  the  takeoff  speed.  In  landing,  the  runwav  is  simi- 
larly used  to  allow  dece  1 er.i t i on  from  the  landing  speed  to  a stop.  i\>r 
launch  .and  recovery  on  ships  where  the  av.ailable  dist.ance  is  cons  ider.ah  1 y 
shorter,  catapults  are  used  to  launch  the  .airplane;  .arresting  c.ihles  .are 
used  to  slow  it  down  on  recovery  (Itmding).  I'hese  devices  permit  niiuh 
higher  rates  of  acceleration  and  dece  I er.l  t i on  th.an  are  pi'ssible  with  t he 
airplane  alone.  Using  a conventional  ainraft  therefore  implies  the  need 
for  a large  ground  are;i  within  which  the  .airpl.ane  c.an  land  or  take  off, 
or  a l.arge  ship  with  latapult  and  arresting  ge.ir  for  .lirborne  operations. 
Both  are  exiiensive,  particularly  in  the  milit.iry  context  where  there  is 
i.ons  ider.ah  1 e merit  in  being  a sm.a  I 1 i.arget  rather  than  .1  l.irge  one. 

An  iiircr.aft  capable  of  leaving  the  ground  vertic.illv,  without  .1  t.ikeofl 
run,  and  landing  in  ,1  similar  space  requires  a much  smaller  .airfield  or 
ship.  An  aircraft  with  this  capability  is  termed  a VlOh.  for  Vertical 
Take-Off  and  I.anding.  The  dr'finition  includes  both  fixed-wing  VTOl.s  .ind 
rotary-wing  helicopters.  An  .ain-riilt  capable  of  leaving  the  grinind  ,it 
very  low  forward  speeds,  thereby  not  requiring  a lengthy  ilist  nice  to 
accelerate,  will  allow  ;i  similar,  although  not  .is  gre.it,  an  ad  v.an  t .igi‘ . 

Siiih  an  .aircr.aft  Is  ti-rmed  a STOh,  for  Short  T.iki'-Ot  f .ind  1. Hiding.  Here 
the  definition  generally  excludes  helicopters.  An  aircraft  ctipable  ot 
operation  in  both  the  VTOI,  .ind  STOl.  modes  is  termed  .1  V/SI'OT.  Kilher  i .ipa- 
bllity  is  distinct  from  the  conventional  airpl.ane  which,  by  an.ilogy  to  the 
acronyms  above,  can  be  termed  .1  OTOI,,  for  Conventional  T.ike-Off  ;uid  l..ind- 
ing. 
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GENERAL  CHARACTERISTICS 

Thf  V/STOI.  .lircratt  is  r;ip.)ble  ot  generating  lift  greater  than  its 
weight  at  zero  forward  speed.  In  accordance  with  the  general  require- 
ments lor  all  .lircraft,  it  must  he  safe  and  easy  to  flv  and  economical 
to  operate  in  its  intended  mission.  It  has  a means  for  generating  high 
st.it  ic  thrust  in  the  vertic.il  diri'ction;  its  thrusl-to-weighl  ratio  is 
greater  than  one,  in  contrast  to  most  CTOLs  where  this  ratio  is  less  and 
sometimes  considerahlv  less  than  one. 

Alter  le.iving  the  ground  in  the  V'l'O  mode,  the  V/.Si'OI,  must  have  a means 
tor  directing  its  thrust  in  the  horizontal  direction  for  forward  flight. 

I his  must  he  possible  in  a progressive  fashion  as  the  aircraft  accelerates 
t riim  a hover.  If  the  V/STiH.  has  fixed  wings  (i.e.,  all  V/STOLs  except 
helicopters  wherein  the  "wing"  is  in  continuous  rotation  with  respect  to 
the  .lircratt),  it  accelerates  to  purely  wing-borne  flight,  wliere  it  uses 
the  thrust  only  for  propulsion.  That  portion  of  its  flight  between  hover- 
ing or  thrust-supported  flight  and  purely  wing-borne  flight  is  termeil 
tr.insitiou  or  conversion  flight. 

Kin.illy,  the  V/STOL  must  have  a control  system  permitting  the  pilot  to 
m.iintain  .in  equilibrium  bal.ince  (trim)  among  the  forces  and  moments  acting 
on  tlu'  aircraft  and  to  control  attitude,  path,  and  speed  throughout  hover- 
ing, transition  (conversion),  and  wing-borne  (conventional)  flight.  Such 
systems  .ire  relatively  complex  compared  to  the  case  for  a CTOL  because  of 
the  wide  r.inge  in  speeds  .ind  the  rel.it  ive  lack  of  inherent  stability  char- 
.uteristii's  at  low  speeds.  (Ion ven t i ona  1 control  surfaces  rely  on  the 
ri'l.itive  motion  between  the  aircraft  and  the  air  through  which  the  air- 
ir.ift  moves  to  generate  both  stabilizing  and  controlling  forces  and 
moments.  At  zero  airspeeii,  these  are  absent,  and  the  propulsive  lift 
system  must  be  used  to  generate  some  or  all  of  the  necessary  forces  and 
momen  t s . 

V/.STl)Ls  lack  inherent  stability  qualities  at  low  speeds,  not  onlv 
because  conventional  stabilizing  surfaces  are  ineffective,  but  also 
because  operation  of  the  active  lift  systems  ( downward -d i rec t ed  thrust) 
typically  involves  destabilizing  tendencies.  .Such  tendencies  include 
ground  effects,  which  are  the  fiirces  and  moments  acting  on  the  hovering 
V/STOl.  which  are  caused  by  the  inter.ict  ion  of  the  downward-directed  gas 
flow  with  the  ground.  Hot  gas  ingestion  (HGI)  is  another  problem;  the 
engine  loses  thrust  or  power  because  it  ingests  some  of  its  own  exhaust 
gases.  This  condition  usually  takes  some  time  to  develop  .and  depends  on 
the  prevailing  wind  and  aircraft  height  above  ground.  Other  attitude 
disturbances  come  about  through  the  reaction  forces  produced  by  altering 
the  direction  of  high-velocity  air  flow  as  it  enters,  flows  through,  and 
le.ives  ttie  aircraft.  The  flow  turning  forces  are  sometimes  given  special 
names,  e.g.,  intake  momentum  drag,  and  will  depend  In  part  on  the  .airflow 
conditions  external  to  the  aircraft. 
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riu'Si’  tones  ontl  iru'meiits  can  oveipower  wliatever  conventional  stal'iliz- 
in^  tor.  es  are  present  at  low  forwatai  speeds.  The  result  is  that  eqnilih- 
rinni  must  In-  nastored  by  the  pilot  or  by  ant  ('ni,i  t 1 1 devices  acting  through 
the  V/Sl('l.'s  tlight  Cc.>ntrc)l  system.  I'h  i s is  in  markeci  contrast  to  most 
TUtl.s  when'  greater  reliance  can  be  |ilareci  on  the  inherent  aerociynamic 
properties  cjt  the  .jinialt  to  maintain  trim. 


EXAMPLE  AIRCRAFT 

Figure  1 iliiistrates  tw('  V/ST(tI.  aircr.att  whicli  rej^resent  extremes  in 
desii'n  c'onc'ept  . The  first,  the  XV- 1 s , is  a twin-engine,  gas-t  n rb  i ne- 
pc'wered  research  aircraft  recently  bnilt  for  the  F.S.  Army  and  the 
N.ation.il  Aeronctntics  and  Sjiace  Administration.  As  shown  by  the'  dotteci 
lint's,  the  engine  nacelles  at  tiie  wing  tips  rotate  in  the  fore  anti  alt 
vertical  plane  to  orient  the  proprotc'r  and  resulting  thrust  force  from 
the  hc'rizcnital  to  the  vertical  direction.  The  aircraft  takes  tiff  anci 
lands  with  the  nacelles  oriented  vertically;  in  cruising  flight  the 
nact'lles  are  oriented  horizontally.  The  term  "proprotor"  is  used  to 
indie. ite  the  dnai  usage  of  what  1 und.imen  ta  I 1 y is  a helicopter  rotor  with 
some  cieg,ree  ol  compromise  in  its  aerodynamics  to  suit  it  for  horizontal 
flight,  that  is,  as  a propellc'r. 

The  second  aircraft,  the  AV-8A,  is  a single-engine,  fan- jet -powered 
V/S'lOl.  witli  tlu>  engine  exhausting  Ihrougii  four  rotatable  nozzles,  two  on 
either  side  of  tile  tusel.'ige  under  the  wings.  In  the  Figure  lb  side  view, 
t tiese  nozzles  are  shown  as  two  circle's,  one  just  under  the  leading  edge 
ot  the  wing,  the  other  (partially  obscured)  somewhat  aft  of  the'  first, 
fhe  nozzles  rotate  to  direc  t the  jet  exhaust  downw.ird  for  t ,ikeof  f or  land- 
ing in  the  vertic.tl  direction;  they  are  directed  aft  tcir  iorw.ird  1 light. 

Figure  2 shows  four  additional  V/STOL  aircralt  having  m.arkedly  dif- 
ferent 1 i f t /propu  1 s ion  conci'pts.  The  first  is  .i  propeller-driven  V/ST('I. 
transport  prototype.  The  entire  .assc'mbly  of  wing,  and  four  engine  nacelles 
rotates  to  the  Vertical  lor  vertical  takt'off  and  landing,  iienct'  the  term 
"tilt  wing."  There  is  a small,  vertically  orii'iitccl  propeller  .at  the  rear 
whicti  is  used  to  control  the  pitch  angle  of  the  .tircralt  in  hovering 
f 1 i gilt  . 

file  next  aircralt  (Figure  2b)  is  also  propi'ller  driven,  only  here  the 
propellers  are  inside  short  ring-shapt'd  ducts.  Ttie  ducted  propellers  all 
rot.ite  to  direct  the  thrust  vertically  ("tilt  duct"  cU'seribes  the'  configu- 
ration) for  takeoff  and  landing  in  the  vertical  direction.  This  aircraft 
is  powered  by  four  turboshaft  engines,  dri ve-shaf t -connected  to  the  ducted 
propellers,  .and  most  clearly  visible  in  the  top  view  on  the  .alt  wing. 

Figure  2c  shows  another  research  aircrtift,  this  one  using  Ians  tor 
lift  in  the  vertical  takt'off  and  landing  mode.  In  the  top  view  these  tans 
are  visible  as  three  circles,  one  in  each  wing  .and  the  tliird  in  t tie  nost'. 
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Thf  l.ins  ,iri'  invi-rfcl  by  t hf  turboji-l  I'lif’Jni-  (.•xhaust  g.ises  wh  i ( ti  are 
duett'll  lo  turbine  blades  at  the  lips  uf  each  fan.  For  llie  fans  It'  oper- 
ate, semi  e iron  I ar  di'ors  above  the  winj;  f.ius  and  Imivers  above  liie  nose 
lan  open  for  tin  it  iake  of  air.  'file  I an.s  exh.iust  through  vene  I i an-b  1 i nd- 
like  li'iivers  in  the  wings,  t' I .im-she  I 1 - 1 1 ke  doors  at  the  nose.  Manipula- 
tii’ii  d the  t ,111  speed,  louvers,  ;ind  lioors  lontrols  thrust  direct  ion  .and 
m.igni  tilde.  Tile  two  engines  are  loi'.ited  at  the  fusel.ige  .and  exhaust  to 
the  rear  ti'r  eonvention.il  1 light  through  noxxles  visible  in  the  side  view, 
i'he  engines'  ,i  i r in  tike  is  just  above  and  belli  nd  the  lockpit. 

The  last  tiireraft,  stu'wn  in  Figure  2d,  employs  the  .lugmeiitor  prin- 
ciple (see  next  subseetion)  tor  pro|)ulsion.  The  nacelles  on  either  side 
o1  tile  fuselag.e  eont.ain  turbojet  engines  which  exhaust  through  the  aug- 
mented jet  ejector  system  in  the  fuselage  for  vertical  fligiit.  Figure  2d 
siuiws  the  de'ors  on  the  upper  .ind  1 ow a r surfaces  of  the  fusel.ige  which  open 
up  for  I light  in  this  mode.  For  lorwtird  fligiit  the  turbojet  flow  is 
diverted  from  the  ejector  system  to  conventional  exhaust  ducts. 

V/STOL  DISK  LOADING 

To  generate  the  thrust  required  for  vertic.il  t.ikeoff  requires  that  a 
mass  ot  air  or  other  gas  he  accelerated  to  some  velocity  and  expelled 
downw.ird.  ITie  m.iss  times  the  ,icce  1 er.at  ion  of  the  downwaral-expe  1 led  g.ises 
equals  the  upw.ird  force  generated  on  the  V/STOL  in  accord.ance  with  Newton's 
Second  I.,iw  of  .'iotion.  This  force  c.an  be  produced  by  a large  mass  of  air 
.icce  1 er.i  t ed  to  .1  rel.itively  low  downward  velocity  or  a smaller  mass  accel- 
erated to  a higher  velocity,  the  momentum  change  represented  by  the  accel- 
er.ited  mass  ot  .i  1 r being  the  same  in  either  case.  A typical  example  of 
the  former  c.ise  is.  the  XV- 1 5 Tilt  Rotor  Aircraft;  of  the  latter  case,  the 
.Marine  Corps'  AV-8A  Harrier  aircraft  (Figure  1). 

In  these  examples,  which  represent  low  atui  high  disk  loading  cases, 
respectively,  the  downw.ird  thrust  is  regarded  as  being  evenly  distributed 
over  tlu-  circular  are.i  swept  out  by  the  helicopter  rotor,  or  by  the 
exhaust  nozzle  area.  More  generally,  since  an  exhaust  nozzle  need  not 
be  circular,  one  cun  speak  of  a high  exit  area  loading  in  the  latter 
ex.imple.  The  important  point  is  that  low  disk  loadings  represent  rela- 
tively low  downward  air  mass  velocity,  while  high  disk  li'adings  repre- 
sent high  downw.ird  air  m.iss  velocity. 

Reterring  to  Figure  2,  other  V/STt)l.  thrusting  devices  between  these 
extremes  Include,  in  the  order  of  increasing  disk  loading,  the  following: 

1.  I'ropeller  Smaller  diameter  .ind  higher  rpm  than  the  rotor. 

Blade  pi  till  is  controllable.  This  is  usually  used  in  combination  with 
a t i 1 1 .lb  I e wing. 
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2.  Dinted  Propeller  An  annular  duil  surrounds  a somewhat  smaller 
propeller.  This  suhs  t .an  t i a 1 I y inere.ises  the  propeller's  effii  ieniv  and 
the  effeitive  disk  loading. 

3.  Durted  Kan  A smalli'r  duet  surrounds  .a  m.any-hladed  fan,  the 
arrangement  being  optimized  for  relatively  high  velocity  gas  flow.  This 
scheme  .md  the  following  have  similar  exit  art'.a  loading. 

s.  Augmentor  A high  velocity  jet  exhaust  in  .an  axial  direction 
within  a larger  duct  (Figure  3).  The  primary  jet  "entrains"  additional, 
second. iry  g.as  flow,  i.e.,  pulls  in  additional  .air  at  the  front  and 
exhausts  it  at  the  risar  to  ".augmi'nt"  the  thrust  produced  by  the  jet 
itself.  The  ejector  elements  are  usii.ally  "staged"  so  that  the  secon- 
d.arv  airflow  becomes  the  primary  flow  for  vet  a larger  concentric  du.  t 
of  add  i t ion.a  1 1 y entraineii  air.  The  technique  can  be  particularly  effec- 
tive .at  low  speeds,  and  the  geometry  need  not  be  circular. 


KIGURK  1.  Elementary  .let  Ejector 

9 

for  Thrust  Augmentat  ion  . 


A number  of  factors  are  related  to  the  disk  loading.  Clearly, 
increasing  velocity  of  the  exhaust  or  slipstream  gases  results  in 
im  re.ased  noisi-,  .in  increased  tendein  y to  erode  the  surface  beneath  the 
.aircraft,  and  to  kiik  up  dust,  spray  (if  over  water),  loose  objects, 
and  the  like.  The  increasing  energy  representt>d  by  the  higher  velocity 
also  represents  i m ri-asi'd  power  requirements  with  .attendant  increased 
fuel  consumption. 

A more  subtle  correlation  with  increasing  disk  or  exit  area  loading 
is  a decreasing  resistance  to  changes  in  the  vertical  velocity  of  the 
aircraft.  These  velocity  changes,  while  small  relative  to  the  downward 
air  velocity  generated  by  a helicopter  rotor,  .are  still  significant;  the 
vertical  forces  on  the  rotor  ch.ange  such  as  to  resist  the  mi'tion.  The 
effect  is  much  less  pronounced  for  the  propeller,  .and  essentially  non- 
existent for  the  ducted  fan  or  jet.  The  low  disk  loading  helicopter  is 


^ Barnes  W.  McCormick,  -Ir.  AeT'(  !yriarrn\'s  of  V/2'TOl,  Fliijht. 
Academic  Press,  1967. 


New  York, 
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iiiluTi'iit  Iv  mon-  st.ibic  in  iis  vertic.il  mot  ions  than  the  fiigii  exit  area 
K'adin^’,  jet-1  if  t V/STtil,. 

In  suimnary,  the  lowest  ilisk  loading  is  preferable  if  hoverlnt;  ami 
low-spt>ed  f liKht  are  to  he  the  major  use  of  the  niai  bine.  And,  indeed, 
hi'Iieopiers  are  near  idea]  for  search  and  rescue  missions,  landing  in 
■onlined  spaies,  etc.  The  helicoptia  rotor  can  generate  more  downward 
thrust  fi'r  a given  level  of  installetl  power  than  any  other  means. 

But  the  he  I iiatpler  is  limited  in  top  speed;  the  tips  of  the  advanc- 
ing rotor  blade  approach  sonic  velocities  (therefore  greatly  increased 
drag),  while  the  retreating  blade  tends  to  stall.  The  result  is  a rapid 
loss  of  I'fficiency  (loss  of  lift,  increased  recpii  rements  for  power),  with 
increasing  speed.  The  advancing  versus  retreating  blade  differences  in 
the  helicc'pter  are  overcome  in  the  Tilt  Rotor  Aircraft  (Figure  la).  Kven 
so,  the  top  speed  is  still  limited  by  sonii'  velocity  at  the  rotor  blade 
tip.  If  th<‘  speed  capability  is  to  be  increased,  the  disk  size  must  go 
down  to  .ivoid  compressibility  effects.  Thus,  the  disk  loading  increases. 
The  spec  t rum  of  increasing  disk  loading  and  decreasing  disk  areas  pro- 
gresses f rcim  the  helicopter  rotor  to  the  propeller,  to  the  ducted  fan, 
tc"!  the  turbojet.  In  each  case,  limits  are  reached  when  local  velocities 
at  blade  tips  approach  sonic  velocities.* 

While  low  disk  loading  is  preferable  for  hover  and  low  speed  flight, 
it  is  not  suited  for  high  speed.  The  high  disk  loading  is  best  suited 
for  high-speed  flight  and  least  suited  for  hover.  This  is  particularly 
true  for  long  hover  times  because  of  high  fviel  constimpt  i on . 

In  making  his  compromises,  the  designer  has  two  essential  options. 

The  first  is  to  use  separate  lift  and  propulsion  devices,  the  former 
being  of  a lower  disk  loadittg  than  the  latter.  The  aerodynamic  design 
must  accommod.ate  the  rel.atively  bulky,  low  disk  loading  thrust  generator 
.ind  the  drag  it  produces  at  the  higher  cruising  speed  unless  retracted 
or  otherwise  "stowed."  Dn  the  other  hand,  the  installed  power  and  asso- 
ciated hover  fuel  consumption  can  be  less. 

The  second  option  is  to  rely  on  high  exit  area  Ictading  for  lift  as 
well  as  propulsion.  The  bulk  is  lower,  which  is  advantageous  for  s.  Ic 
and  supersonic  capability,  but  the  fuel  consumption  is  higher.  Mission 
procedures  and  vehicle  design  for  takeoff  and  landing  must  minimize  the 
time  in  conversion  and  hcvering  flight  to  hold  fuel  consumption  to 
reasonable  levels.  In  sum,  the  disk  loading  used  for  lift  tends  to  be 
dictatc^d  by  the  intended  speed  capability  of  the  .aircraft;  it  will 
increase  as  the  top  spt»ed  goes  up. 


* Kven  the  t urbo j et -powered  aircraft  with  its  supersonic  speed  capa- 
bility in  some  designs  must  maintain  the  gas  flow  velocities  through  the 
rotating  turbo  mcu-hinery  at  subsonic  levels. 
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ENGINE  FAILURE 

A m.ijor  cons  i lie  r.i  t i (in  in  the  desii’n  of  any  aircraft  is  what  liappens 
in  tile  t'vent  of  an  engine  failure  particularly  if  it  iiappens  in  a cri- 
tii-.al  flight  regime  such  as  takeoff  or  landing.  These  c (uis  i dera  t i ons 
often  "design"  the  aircraft  in  that  tiie  numlier  of  (‘ngines,  their  location, 
etc.,  depend  upon  tlie  customer's  desires  lor  aircraft  pe r f orm.ince  in  the 
event  of  a failure.  Thus,  loss  of  a commercial  airliner  in  the  (went  of 
•in  engine  failure  during  takeoff  is  clearly  unacceptable.  For  a single- 
engine 1 i glitwe  iglit  fighter  it  will  be  sufficient  to  guar.inlee  that  the 
pilot  can  safely  get  out.  Most  aircraft  designs  (the  helicopter  is  ,i 
special  case)  fall  between  these  extremes. 

For  the  V/STOL  aircraft,  similar  considerations  are  applicable.  Thus, 
loss  of  an  engine  in  conventional  flight  poses  problems  no  different  than 
for  CTOI.s.  Engine  loss  in  a multiple-engine  V/STt)l,  in  partially  thrust- 
borne  flight  may  occur  at  .an  altitude  and  speed  wliich  allow  .acceleration 
to  tully  wing-borne  flight.  However,  for  V/STOI.s  in  the  hovering  and  htw- 
speed  tr.tnsition  mc'des  of  flight,  the  loss  of  an  engine  should  not  result 
in  the  pilot's  losing  attitude  control,  although  it  mav  result  in  a forced 
landing  or  a crash.  Maintaining  attitude  control  to  at  least  allow  the 
< rew  to  escape  even  if  the  aircr.aft  is  lost  is  therefore  a governing  fac- 
tor in  V/STOl.  aircraft  design. 

For  all  but  the  Jet-lift  V/STOLs,  the  design  practice  is  to  use  in- 
terconnecting shafting  between  the  several  rotors,  propellers,  or  fans, 
with  the  engines  all  supplying  rotarv  power  to  the  common  shaft  through 
clutches  which  permit  the  failed  engine  to  be  disconnected.  This  is  the 
case  in  Figures  la,  L’a,  and  2b;  each  aircraft  can  lose  an  engine  and  m.iin- 
tain  attitude  in  hovering  flight.  Sometimes  the  power  is  transmitted  by 
means  of  hot  jet  exhaust  gases  flowing  through  interconnected  ducts  to 
the  lifting  devices,  such  as  in  the  XV-4A  (Figure  2d)  and  the  so-i ailed 
gas-coupled  fans  of  which  the  XV-5  is  an  example  (Figure  2c).  lht>  prin- 
ciple in  all  cases  is  to  maintain  thrust  balance  on  all  active  lifting, 
devices  so  that,  at  leiist,  pitch  and  roll  attitude  c('ntrol  is  m.aintained, 
even  if  the  available  lifting  thrust  does  not  permit  the  pilot  to  hold 
alt  i t ude . 

For  jet-lift  V/STOLs  having  several  engines,  these  interconnects  are 
not  practical.  The  designer  has  two  options.  He  can  locate  the  engines 
(entrally  such  that  the  loss  of  any  one  engine  does  not  result  in  moment 
imbalances  greater  than  the  control  system  can  handle.  Or,  he  can  arrange 
automatic  compensation  for  the  failure,  e.g.,  by  aut omat i i al 1 y reducing 
throttle  setting  on  the  "live"  engliii'S.  Both  approaches  have  been  used 
in  past  jet-lift  V/STOL  designs  to  avoid  rapid  attitude  upsets  in  the 
event  of  engine  failure. 

r 

For  single-engine  helicopters,  loss  of  power  need  not  mean  1(  ss  of 
the  aircraft,  depending  upon  the  speed  and  altitude  when  the  engine  fails. 
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Ttit'  pilot  lias  some  few  seconds  to  reduce  the  pitch  aiiKle  of  the  rotor 
blades,  thereby  reducing,  rotor  drap.  This  avoids  loss  of  rotor  speed. 

Ttu'  helicopter  bepins  a relatively  rapid  descent  because  of  the  lift  loss, 
but  maintaitis  rotor  rpm  in  a mode  of  operation  called  autorotation.  Near 
the  pround,  iticreasinp  rotor  blade  pitch  at  the  correct  altitude  will  slow 
both  the  sink  rate  and  rotor  speed  such  that  the  helicopter  lands  safely. 
In  efiect.  the  rotational  etierpy  stored  in  the  rotor  ;uid  maintained  in 
descetit  is  dissipated  in  a manner  to  provide  emerpenc-v  control  capability. 

However,  to  aicomplish  this  requires  that  the  helicopter  be  outside 
the  "dead  mati's  curve."  This  is  a region  of  speed  and  altitude  within 
wiiiih  the  maneuver  to  enter  autorotation  and  arrest  the  sink  rate  is  no 
longer  possible;  the  helicopter  crashes  bei ause  of  insufficient  forward 
speed  and/or  altitude.  The  helicopter  carries  no  ejection  seat  because 
upward  ejection  through  thi‘  whirling  rotor  is  not  possible.*  Successful 
escape  (Jumping  out)  is  extremely  problematical  inside  the  dead  man's 
curve — so  much  so  that  helicopter  crews  usually  carry  no  parachutes. 

This  situatitjn  is  changing;  escape  systems  have  recently  been  developed 
for  certain  research  helicopter  applications,  and  a similar  system  is 
currently  under  development  for  a product  ion  helicopter. 

CONVERSION  METHODS 

To  convert  V/STOL  aircraft  from  a purely  hovering  mode  of  flight  to 
wing-supported  flight  requires  two  things.  First,  the  thrust  direction 
is  altered  from  the  vertical  to  the  horizontal;  and  seccmd,  the  thrust 
magnitude  is  changed  from  that  necessary  to  support  the  aircraft  weight 
to  that  required  to  overcome  aircraft  drag  at  the  cruise  airspeed. 

Between  these  extremes,  both  the  magnitude  and  direction  of  the  thrust 
vector  must  be  modified  to  suit  the  desired  rate  c’f  acceleration  and 
huildup  of  aerodynamic  lift  on  the  wings.  Similar  considerations  gi'vern 
the  magnitude  and  angle  of  the  thrust  vectors  when  decelerating  from  con- 
ventional flight  to  thrust-supported  (light  the  rotation  being  from 
the  horizontal  to  the  vertical.  These  functions  .ire  c.irried  out  by  the 
pilot,  perhaps  with  the  assistance  ol  automatic  scheduling  devices. 

The  means  used  for  rotation  of  the  thrust  vector  c.in  be  assigned  to 
one  or  more  of  four  categories^: 


* This  deficiency  is  overcome  in  the  Tilt  Rotor  Research  Aircraft  of 
Figure  la,  which  does  have  ejection  seats. 

5 John  1’.  Campbell.  Vertical  Takeoff  and  LaniUn.j  Aircraft.  New 
York,  Macmillan,  1962. 
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I.  Aircr.itt  Rotatinn  The  entire  aircraft  is  rotaitnl,  tiie  thrust 
generator  (jet,  ducted  fan,  propeller,  rotor,  etc.)  being  fixed  to  the 
ai rcraf  t . 


2.  Thrust  Defleition 
generator  is  deflected  f r<>m 


The  slipstream  or  exh.iust  from  the  thrust 
the  h('ri:'ontal  tt^  the  vertical  and  vice  versa. 


1.  Thrust  Rotation  The  thrust  generator  is  rotated  with  respect 
t o the  .1  i rc  raft  . 


4.  Separate  Lift  and  Propulsion  • The  thrust  generators  are  spec- 
ialized tor  either  lift  or  pri'pulslon,  and  tlie  relative  thrust  magnitude 
of  each  tvpe  is  altered  to  produce  the  effective  rotation  of  the  total 
thrust  vector. 


Combinations  of  these  t e<.  hn  1 cjues  are  also  used  and,  in  fact,  are  the 
rule.  Thus,  aircraft  rotation  over  a small  range  can  always  be  used  to 
vary  the  wing-generated  .i»‘rodynamic  lift  and  change  the  thrust  direction. 
The  terminology  "lift  jets,"  "cruise  jets,"  and  "lift-cruise  jets"  refers 
to  thrust  generators  (jets,  in  this  case)  used  for  lift  (only),  cruise 
(only),  and  both  lift  and  cruise  (by  means  of  rotation,  deflection,  or  a 
combination  of  both),  respei t i ve 1 y . Similar  terminology  is  used  tor 
ducted  fans. 


CONTROL  FORCE  AND  MOMENT  GENERATION 

In  V/STOL  aircraft  in  hovering  or  conversion  flight  the  contri)!  forces 
are  generated  by  means  other  than  conventional  control  surfaces.  Further, 
the  means  used  are  intimately  connected  with  the  lift  and  propulsion 
scheme  used.  Generally  speaking,  the  magnitude  and/or  the  direi  tion  of 
the  thrust  force  Is  varied  to  produce  the  pitching,  rolling,  or  yawing 
torques  required  for  control. 

Consider  the  XC-142  tilt-wing  V/STOL  shown  in  Figure  2a.  in  hovering 
or  low-speed  flight  the  wing  is  tilted  to  the  vertical  and  the  lift  is 
provided  by  the  four  propellers.  A smaller,  vertically  oriented  propeller 
at  the  rear  provides  pitch  control  by  means  of  varying  the  collective 
pitch  of  the  propeller  blad*-s,  and  hence  the  thrust  produced.  Roll  con- 
trol is  provided  by  varying  the  collective  pitch  of  the  main  propellers 
in  a differential  fashion;  propeller  blade  pitch  is  increased  on  one  wing 
and  decreased  on  the  other.  Yaw  control  is  productul  by  differentially 
deflecting  the  conventional  wing  trailing  edge  control  surfaces  which 
are  Immersed  in  the  propeller  slipstream  thrust  deflection. 

The  Harrier  aircraft.  Figure  lb,  has  centrally  located  propulsion; 
the  single  engine  exhausts  through  four  nozzles  located  under  the  wing 
and  close  to  the  center  of  gravity.  The  attitude  control  torques  which 
would  be  possible  with  this  arrangement  (presuming  each  nozzle  to  be 
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tliti'tt  If.ibli')  lit'  rt' 1 ,1 1 i vt' I V small  hci  ause  of  tlii’  short  ilistancos  between 
the  ii.'.’/lfs  anil  the  airi  raft  eenler  o!  gravity.  (hmsi-qiien t 1 y , a separate 
a t r anj’enien  t ot  eonirol  system  ikutiny  is  used  to  provide  the  control 
toripies.  Air  from  the  compressor  of  the  engine  is  routed  through  pipes 
(i. tiled  "pull  pipes"  in  the  llarrii'r)  to  con  t ro  1 1 .tb  1 e nozzles  located  at 
the  nose,  tail,  and  wingtips.  Progressive  opening,  of  these  nozzles 
varies  the  It'cal  thrust  produced.  Two  downwa  rtl-d  i rec  t ed  thrusters  at 
the  nose  and  tail  control  pitch;  upward  and  downward  directed  jets  on 
each  wingtip  control  roll.  Two  laterally  dirmteil  jets  at  the  tail  con- 
t ro I vaw . 

In  the  helicopter  rotor,  the  pitch  of  the  rotor  blades  can  be  varied 
not  onlv  s i mu  1 t aneitus  1 V , as  in  a profieller  for  control  of  lift,  but 
also  d i I I erent  ia  1 1 V , so  that  the  rotor  blades  c'n  one  side  are  at  a 
greater  angle  ot  attack  than  those  on  the  other.  More  lift  is  generated 
on  one  side-  ot  the  rotor  disk  (circul.ir  area  swept  out  by  the  rotor 
blades)  than  the-  other.  Simultaneous  changes  are  referred  to  as  changes 
in  col  li  l t ive  pitch  luMice  the  term  "collective"  for  the  up-and-down 
control  in  a helicopter.  Differential  changes  are  referred  to  as  cvclic 
pitch;  the  pitch  of  the  blade  varies  cyclically  as  it  travels  arcnind  the 
hub.  Ihc-se  changes  ;ire  controlled  by  the  helicopter's  center  stick;  thus 
the  relerence  to  "cvclic  stick"  or  simply  "cyclic."  The  modulation  of 
rotor  blade-  pilch  can  be  from  side  to  side  (generates  roll  torc|uc-s)  or 
fore-  and  aft  (gc-nerates  pitch  torejues). 

For  most  helicopters  the  effect  of  cyclic  blade  inputs  is  to  "tilt" 
or  roi.ale  the  thrusting  rotor  disk,  bv  virtue  of  either  "teetering"  or 
"flapping"  hinges  between  the  rotor  blade  and  the  rotor  hub.  The  result- 
ing lilted  thrust  vector  acting  above-  the  helicopter's  center  of  gravity 
then  provides  the-  desired  pitch  or  roll  control  moments.  For  "rigid" 
rotors  lacking  such  hinges  the  control  moments  are  created  direct Iv  by 
the-  asvmmc-tric  lifting  fories  on  the  rotor  disk. 

A major  reejuirement  for  all  V/STOl,  control  system  designs  (here 
defined  as  the  control  force  generators,  the  pilot's  controls  and  the  sub- 
systems connecting  the  two)  is  the  proper  blending  of  the  control  forces 
produced  by  the  aerodynamic  control  surfaces  and  the  hovering  control 
force  generators  .is  the  effectiveness  of  the  former  decreases  simultane- 
ouslv  with  clt-c  reuses  in  the  airspeed.  The  conversion  between  aerodynami- 
cal ly  supported  (and  controlled)  flight  and  thrust-supported  (and  con- 
trolled) flight  involves  ncU  only  changes  in  the  thrust  angle  and  thrust 
magnitude  but  also  in  the  relative  effectiveness  and  use  of  the  several 
"surf.icc-s"  in  the  flight  control  system.  In  the  following  two  sections 
of  the  report  these  "internal"  aspects  of  the  V/STOI,  aircraft  configura- 
tion, that  is,  propulsion  and  flight  controls,  are  discussed  separately. 
Howc-ver,  it  should  be  clear  that  both  aspects  are  more  intimately  related 
in  the-  V/STOI.  than  is  generally  the  case  for  conventional  aircraft. 
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GAS  TURBINE  ENGINES 


M.in.igeni».‘ii t ot  the  propulsion  system  is  a more  significant  aspect  of 
the  pilot's  role  in  V/STOL  aircraft  than  in  CTOhs,  primarilv  hecause  of 
the  rili.HK-e  (MI  propulsive  forces  for  lift  riuring  transition  and  hovering 
flight.  The  pili)t's  control  of  thrust  in  a V/STdl.  is  somewhat  akin  t('  a 
d i re>  t lilt  <ontrol  in  a ciMivent iona 1 airplane;  the  motion  responses  are 
immediate  and  lan  be  quite  sensitive  to  small  pitching  or  rolling  moments. 

file  nature  of  the  task  is  dependent  on  the  character  ist  it  s of  thi' 

propulsion  system  which  in  most  cases  depends  on  some  variant  of  the  gas 
turbine  engine.  These  engines  provide  modern  technology's  best  ct'mpromise 
among  the  conflicting  requirements  for  light  weight,  high  power,  efficiency, 
and  flexibility  demanded  in  tiircraft  applications.  The  high  power-to- 
weight  ratio  of  the  gas  turbine  engine  is  what  makes  most  helicopters  and 
all  higher  disk  loading  V/STOLs  feasible.  But  bec.iuse  they  are  relatively 
unfamiliar  to  most  readers  and  because  thev  are  available  in  so  m.any  forms 

depending  upon  the  precise  application,  it  is  appropriate  to  briefly 

liescribe  the  prc'pulsion  technology  they  represent. 

SINGLE  SPOOL  TURBOJETS 

The  simplest  form  of  gas  turbine  engine  is  the  single  spool  turbojet, 
a cross  section  diagram  of  which  is  shown  in  Figure  A.  Its  principle  of 
operation  is  analogous  to  that  of  a f ue 1 - 1 n j ec t ed  reciprocating  engine; 


FIGURK  A.  Single  Spool  Turbojet  Kngitu*.^ 


^ Thi.s  figure  and  engine  cross-sectional  diagrams  which  follow  are 
ail  adapted  from  The  Air-feJ'f  Gar  Turbine  haujine  and  Itr  !^'>crat  {.on . Fast 
Hartford,  Conn.,  Pratt  A WFi  i t ney  Aircraft,  May  197A.  (PWA  Oper.  Instr.  200.) 
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.1  i r is  t.ikiMi  in  .itul  compressi-d , t uc  1 is  injected  .'ind  the  mixture  ignited, 
ind  eni'rpv  extr.n  ted  .is  t lu'  bnrninp,  p.ises  expand.  However,  in  contrast 
1 1'  tile  rei  iprocat  i np,  enpine,  t lie  pas  t low  is  continuous  thronphout  the 
lombustion  i yi le  rather  than  intermittent.  And,  in  the  case  of  the  tur- 
bojet. the  uselul  power  comes  from  the  liiph  velocity  pases  exhausted  to 
the  re. 11  i.ither  th.in  a rotatinp  shaft.  in  other  desipn  variations  to  be 
discussed  l.itei  the  expandinp  pases  drive  additional  turbim-  rotors  with 
rot.it  ii’nal  enerpy  beinp  extracted  theri'from. 

Ihe  turbojet  eiipine  operates  as  follows.  Air  taken  in  on  ttie  left 
il'ipure  4)  is  compressed  with  an  air  compressor  which  operates  not  unlike 
a superch.i  rper  for  a rei  iproiatinp  enpine.  In  the  i-xample  shown,  air  is 
compressed  throuph  a seijuence  of  axi.il  flow  (so-called  because  air  travels 
par.illel  to  the  .ixis  of  rotation)  stapes.  Kach  stape  consists  of  a set  of 
puide  v.ines  (usu.illv  fixed)  c.illed  the  st.ator  and  a set  of  rotatinp  vanes 
or  blades  called  the  rotor.  I'he  air  is  forced  into  each  succeedinp  stape 
at  esseiitiallv  the  same  velocity  but  at  hipher  pressure  and  density.  At 
the  ripht-h.in<i  end  ot  the  compressor  (Fipure  4)  the  air  is  delivered  to 
the  1 ombust ion  section  of  the  enpine  where  the  fuel  is  injt^cted  and  the 
mixture  burns  like  a blowtorch  (electrical  ipnition  is  needed  only  to 
st.irt  or  relipht  the  enpine).  The  expandinp  pases  pass  throuph  another 
sequence  of  fixed  puide  vanes  and  rotatinp  turbine  blades  where  enerpy  is 
extr.icted  (about  75  percent  of  the  total)  to  drive  the  compressor  which 
is  fixed  to  the  turbine  shaft.  The  hot  pases  are  then  exhausted  at  hiph 
velocity  out  the  tail  or  nozzle  pipe  at  the  ripht  (Fipure  4)  producinp 
thrust. 


The  thrust  comes  from  the  momentum  which  has  been  added;  the  momentum 
(mass  mu  1 t i ()  1 i ed  by  velocity)  of  the  air,  unhurned  fuel,  and  combustion 
produi  ts  exh.nisted  at  the  re.ir  is  much  larper  than  the  momentum  ot  the 
.lit  t.iken  in  at  the  front.  The  difference  appears  .as  thrust  .iccordinp  to 
Newton's  Seconii  h.iw  ot  Motion. 

Aerodvnamii-  principles  .ire  in  force  in  the  oper.it  ion  of  the  turbojet. 
The  hi. ides  .iiul  puide  v.ines  of  the  compressor  rotor  .ind  st.ator,  and  of  the 
turbine  rotor  .and  st.ator,  .are  .all  .lirfoils  speci.alized  in  their  shape, 
size,  .ind  orient.it  ion  for  the  functions  they  pertorm  .and  optimized  over 
.1  rel.it  ivelv  narrow  ranpe  of  loi.al  p.is  flow  conditions.  Within  this  ranpe, 
the  p.as  turbine  enpine  is  vi'ry  efficient;  outside  this  r.anpe  the  compres- 
sor hl.ides  I.  an  st.ill  (result  Inp  In  ci'mpressor  "surpe"),  the  turbine  can 
ovi'rspeed,  or  the  compressor  air  flow  can  "choke"  (i.e.,  become  super- 
sonic). (lonsiderinp  the  ranpe  of  inlet  airspeeds,  air  densities,  and 
t empe  t .1 1 ures , the  full  r.anpe  of  thrust  requirements  from  idle  upw.irds, 
reijiil  rements  tor  st.irt  inp  and  sfiutdown,  .and  the  requirements  for  accel- 
er.at  ion  .and  dece  I er.t  t i on , i.e.,  r.ate  of  chanpe  of  thrust,  it  c.in  be 
appreciated  that  nuilntalninp  proper  local  p.as  flow  conditic'ns  within  the 
enpine  is  .a  complex  proposition. 
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TURBOJET  VARIATIONS  AND  THRUST  CONTROL 

Sor.-.i'  of  tlu'  means  use>!  lor  ei'ntr.'l  ot  gas  flow  in  t lie  engine  .)te 
brielly  lieseribed  below: 

1.  Variable  inlet  and  exhaust  nozzle  gei'metrv  To  provide  a more 

optimum  interface  between  external  (t  .g.,  supersonic)  speed  and  internal 
eni’fgv-e  f f i c i en  t (sonic  or  subsonic  ) speeds  in  the  compressor  .tnd  tccrbine 
seitic'ns;  primarily  used  oti  supersonic  airc  raft. 

2.  Variable  .cir  bleeds  in  the  c omprc’ssor  To  provide-  additional 
internal  1 low  control  over  tlu-  applicable  wide  ranges  of  ambient  tempera- 
tures, pressures,  speeds,  etc.,  and  to  [crovide  a convenient  soicrce  of 
high  pressure  air  for  all  sorts  of  ficncticins  stub  .ts  reaction  control 
thrusters  in  sceme  V/ST01,s.  However,  use  of  bleed  air  also  reduces  thrust, 
in  this  example  lifting  thrust,  a factor  which  can  adverselv  affect  t lie 
pilot's  control  of  altitude  in  certain  ji-t-lift  V/STOI,s. 

. Two  spool  engine  (Figure  5)  Another  means  of  optimizing  opera- 
ting conditions  within  the  jet  engine  is  to  use  two  cc'mpressors , each 
running  at  Its  own  speed.  The  relative  speed  can  be  varied  to  better- 
suit  the  intended  range  of  altitudes  and  thrust  produced.  Air  bleed  is 
frequently  used  between  stages.  F.ngi-.-ce  i nst  reement  at  ion  includes  hollc 
high  pressure  compressor  and  low  pressure  compressor  rpm. 

V . Variable  stator  blade  .icrgles  Internal  air  flow  c-onditions  within 
the  engine  can  also  be  varied  by  altering  the  stator  blade  angles  at  one 
or  mcore  stages  within  the  compressor. 


FKIURK  5.  Twin  S|)ool  furbojet  Knglne.^* 
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M.inv  ot  liii'sc  v.'i  r i .i  t inns  .irn  .ni  i mp  1 i silt'd  mure  nr  Inss  ,nit  omal  i t n I 1 v , 
n.^.,  .iirblnntls  wlinii  Inial  [unssiirn  nxinmis  i preset  level.  Others  mnst 
he  sihediileii  ,1;.  .1  tun  t i nil  til  extern. il  .imhient  ennditinns,  e.g.,  inlet 
gennieti'.'  .is  .1  limit  inn  nl  airspeed  oi  M.ieli  numher  .and,  perli.aps,  angle  of 

.it  t .1 ' K . 

llie  1 lie  1 ennlrnls  on  these  engines  are  rel.it  ively  eomplex  — at  le.ist 
in  inmp.irisnn  with  the  i niivent  i nn.i  1 interpretation  of  a throttle  for  eon- 
trnl  nf  pnwier.  Ihe  fuel  is  metered  to  the  hurner  sent  ion  in  accordance 
with  the  pili't's  power  lever  '/'throttle")  setting  and  the  measured  opera- 
ting conditions  within  the  engine  ittiefly  turbine  rpm,  turbine  inlet 
temperature,  .ind  engine  pressure  r.itio  (Kl’K).  Because  turbine  inlet  tem- 
per.itiire  is  difficult  to  nie.isiire  direitly  it  is  interred  from  t emper.i  t ures 
and  pressures  me.isured  elsewhere,  e.g.,  exii.iiist  c.as  temperature  (KGT)  . 
file  engine  pressure  r.itio  is  the  ratio  of  the  twii  pressures  me.isured  just 
downstre.im  of  the  turbine  and  just  upstream  of  the  compressor.  It  is  pro- 
port ional  to  thrust  .anil  can  be  used  by  the  pilot  .as  a thrust  indic.ator  in 
1 11  rbo  j e t - powered  .i  i rc  ra  1 t . 

In  setting,  tiu'  throttle  to  a particular  position  within  the  cockpit, 
the  pilot  is  commanding  a closed-loop  feedback  control  system  designed 
tor  engine  thrust  control.  Not  only  does  it  control  the  thrust,  it  limits 
the  operating  conditions  (temperatures,  pressures,  turbine  speed,  and 
internal  .i  i r flow  velocities,  which  must  remain  subsonic)  to  ranges  in- 
tended by  the  engine  designer.  As  f.ir  as  the  pilot  is  concerned,  throttle 
position  is  often  tlie  major  indic.ator  of  thrust;  all  the  otiier  engine 
instruments  (fuel  flow,  fuel  pressure,  engine  internal  temperatures  and 
pressures,  turbine  rpm,  etc.)  act  as  monitors  of  proper  system  operation, 
much  like  automobile  gauges  for  cool, ant  temperature  ,md  oil  pressure. 

TURBOFAN,  TURBOPROP,  AND  TURBOSHAPT  ENGINES 

Ihe  turbojet  engine  described  above,  perfi.aps  with  an  afterburner*  in 
military  .app  I i c.at  ions , is  oniv  one  ol  the  numerous  gas  turbine  engine 
types.  There  .ire  a considerable  number  ot  variations  possible,  .ail  of 
which  extract  additional  energy  from  the  exhaust  g.asi's  by  means  of  addi- 
tion.il  turbine  stages.  The  amount  extracted  can  range  from  relatively 
little  to  essentially  .all  of  the  energy  left  over  after  driving  the  com- 
pressor. In  e.ii Ti  c.ise,  that  portion  of  the  engine  which  produces  the 
power,  th.at  is,  the  compressor,  coniliustor , and  turbine  sections  of  the 
engine,  is  reterred  to  .as  the  gas  g’.ene ra t or  or  cori'  engine. 


* In  an  afterburner,  fuel  is  injected  downstream  of  the  turbines  in 
the  tall  pipe  where  it  ignites,  further  adding  to  the  energy  and  mass 
flow  ol  the  exhaust. 
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('iu“  v.iiiiitiini  is  to  adil  additional  turitino  sta^tes  and  use  the  rota- 
tional energy  to  drive  a propeller  ot  a fan.  Figure  h shows  these  varia- 
tions on  a twin  spool  oore  engine,  ri  suiting  in  turboprop  and  turhof.tn 
engines.  The  partieular  turbofan  shown  here  has  short  ian  dints  where 
tile  I .in  exh.aust  (bypass)  is  sep.ir.ite  t rom  tlie  jet  exhaust. 

The  turboprop  engine  permits  more  effii  ient  oper.ition  at  lower  air- 
er.ift  speeds  than  the  turbojet;  the  propeller  aeee  1 era  tt's  .a  min  h l.irger 
m.iss  of  air  to  .a  eons  iderab  ly  lower  velocity  th.in  the  turbojet  exh.iust. 
However,  a ge.irbox  is  reijuired  to  imrease  the  shaft  torciue  and  reduee 
the  propeller  rotalion.il  speed;  the  propeller  blade  tips  must  remain  at 
subsonii'  velocities.  The  tip  speed  limit. ition  restricts  the  top  speed 
of  the  .lircraft.  The  turboprop  engine  .also  requires  .1  propeller  speed 
governor  to  maintain  propeller  rot.it  ion.al  speed  and  efficiency  .at  optimum 
levels  throughout  most  of  tin*  flight  envelope.  The  governor  is  a feedb.ack 
control  system  which  contrcils  propeller  speed  by  ch.ang,ing  the  collective 
pitch  of  the  bl.ides;  steeper  pitch  absorbs  more  power  and  slows  the  pro- 
peller. Shaft  horsepower,  rather  th.an  KPR,  is  used  to  measure  engine 
powe  r . 

During  the  landing  approach,  where  the  engine  is  operating  at  power 
levels  close  to  flight  idle,  the  power  lever  operates  in  a different  mode. 
R.ither  than  commanding  power.  It  controls  propeller  blade  angle.  The 
propeller  speed  is  allowed  to  vary. 

The  turbofan,  like  the  turboprop,  engine  is  also  more  efficient  at 
lower  speeds  th.an  the  turbt)jet;  unlike  the  turboprop  it  is  less  limited 
at  high  speed.  The  smaller  diameter,  due t -enc 1 osed  fan,  perhaps  with 
more  th.in  tme  stage,  is  designed  to  m.aintain  air  velocities  within  the  fan 
at  subsonic  levels  Largely  independent  of  the  airplane's  speed.  In  appear- 
aiu»'.  It  typic.tlly  Is  r.ither  like  the  first  one  or  two  stages  of  an  axial 
flow  compressor,  only  larger.  An  important  design  parameter  for  these 
engines  is  the  bypass  r.it io  the  proportion  of  the  incoming  air  which 
passes  only  through  the  fan,  relative  to  the  proportion  which  passes 
through  the  engine.  High  bypass  ratio  turbofans  (say  5:1  or  more)  gener- 
ate most  of  their  thrust  from  the  air  accelerated  by  the  f.in,  the  remain- 
der I rom  the  turbine  exh.iust  . 

A common  variation  is  to  place  adiied  turbine  stages  on  a separate 
shaft,  whose  speed  is  independent  of  the  compressor  and  main  turbine 
speeds  .and  often  regulated  separately  by  ;i  governor.  Such  an  engine  is 
referred  to  as  a f rei*  turbine  engine.  The  free  turbine  shaft  drives  a 
ge.ir  box  (turboprop)  or  transmission  (rotor  in  a he  1 f co|)t  er ) . Figure  ? 
shows  a single  compressor,  free  turbine  drive  turboprop  engine. 

The  helicopter  app 1 ic.it 1 on  is  an  example  of  the  turboshaft  engine 
a gas  turbine  engine,  often  of  the  free  turbine  type,  which  drives 
remotely  located  propellers,  rotors,  or  whatever  (these  engines  are  used 
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FIGURK  f>.  Comparison  of  Twin  Spool  Turbojet, 
Turboprop,  arui  Turbofan  Kngines.^ 
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in  irulustri.il  applications  as  well).  I’owor  pnuiiution  is  wholly  at  th'- 
sh.itt  output  with  virtual  Iv  no  usablu  onorgy  romaining  in  the  oxh.iust 
gases . 


SPECIALIZED  ENGINES 

A sitee  ia  1 i zi-d  example  of  a gas  turbine  engine  is  the  Roils  Royce 
"Pegasus"  (in  several  versions).  It  is  useti  in  the  AV-8A  V/STOI.  air.  raft 
(Figure  Ih).  i'his  engine  is  described  as  a twin  spitol  turbofan  engine 
with  rotatabU-  exhaust  nozzles.  The  fan  air  is  exhausted  thro\igh  the 
forward  (cold)  nc'zzles.  The  jet  exh.aust  p;»sses  through  the  aft  (hot) 
nozzles.  .All  four  nozzles  .ire  rot.ited  in  unison  to  deflect  the  thrust 
from  .ift  to  vertical  for  conversion.  Bleed  air  from  the  compressor  sup- 
pi  ii-s  the  sep.arate  reaction  lOntrol  svstem.  The  engine  is  also  unique 
in  th.at  the  two  spools  rt'tate  in  oppi'site  directions  so  that  the  gvro- 
sco[)ii  forces  .are  minimizi-d.  The  latter  is  .an  important  cons  ide  r.a  t ii'n 
tor  V/ST('I.  attitude  lontrol  in  low-speed  flight.  The  engine  h.is  provi- 
sion tor  waiter  injection  for  peak  thrust  dem.ands;  the  water  .adds  to  the 
m.iss  ot  the  exh.iust  gases,  increasing  the  thrust  so-c.alled  "wet" 
thrust  for  the  heavy  dem.and  conditions  o.'’  takeoff  and  binding.  It 
.1  I so  .lids  in  limiting  the  temper.ature  rise  of  the  exh.aust  gases,  .an 
impert.ant  consideration  for  engine  life. 

Another  specialized  engine  is  th.it  used  in  the  XV-A  (Figure  2i' ) . In 
this  engine  the  exh.aust  g.is  flow  is  routed  through  a convent  ion.a  1 tail 
pipe  for  cruise  flight  or  diverted  t.>  the  t .an  scri'lls  (annular  rings  sur- 
rounding the  wing  and  nose  fans  in  this  .lirplane  which  contain  the  tip 
turbine  hi. ides)  for  tan-supported  flig.ht.  In  this  mode  of  oper.ation  the 
engine  (.an  be  described  as  a free  turbine  turbofan  engine;  the  free  tur- 
bine and  tan  have  a unique  configuration  .and  (’ r i en  t .i  t i on  but  otherwise 
fuiution  as  the  destription  implies. 

The  separtite  lift  engines  used  in  some  jet-Iitt  V/ST01,s  are  also  highly 
spec  i .1 1 1 zed . In  this  case  the  specialization  is  less  in  form  .and  more 
in  the  detailed  design  for  high  static  thrust  at  relatively  low  .alti- 
tudes the  only  conditions  I ti  which  they  oper.ite.  Their  use  in  a 
design  carries  with  it  .idditional  piloting  tasks  .issoei.lted  with  In- 
flight engine  startup  and  shutdown. 
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FLIGHT  CONTROL  SYSTEM  TECHNOLOGY 


Wiiilf  Llif  t t'lTint' 1 nj'v  repircsen  t cd  in  the  di'.si^’,n  of  ,i  mcdern  a i ri  raft's 
tlip’.lit  contn'l  svstom  is  iiimi'arab  U-  with  that  nf  tlic  rest  of  tho  airpilam-, 
t Ilf  t iiiif  I i iMi  i njt  of  t iu‘  svstfm  I rom  tlio  pilot's  vifwpoint  has  roniaiiu'd 
n-lativfly  invariant.  Thf  function,  hchavior,  and  "fed"  of  the  primarv 
(airiralt  or  it'iita  t ion ) and  seconiiary  (aircraft  trim  and  configuration) 
flijtht  controls,  togetlier  with  the  rt'spxinses  thereto,  are  more  traiiition- 
allv  based  on  tlie  capabilities  of  the  humati  eleiiUMit  which  of  course  have 
remained  uiuh.mged.  It  is  therefore  appropriate  to  consider  first  the 
elements  of  a simple  "old  lashioned"  flight  control  svstem  and  their 
re  1 a t iinish  i ps  to  aircraft  behavior.  Ihe  more  comple.x  "moilern"  systems 
with  iMitirelv  tiitferent  technologies  considered  next  tend  to  mimic  the 
simpler  systems,  at  lisist  in  the  cmkiiit.  The  section  concludes  with  .1 
brief  outline  ol  automatic  flight  control  whi'te  on(>  or  more  pilot  con- 
trol Inactions  are  autom.ited. 


COCKPIT  CONTROLS 


The  s i ng  1 e-iuig  ine  general 
simple  tlii’.ht  control  svstem. 


aviation  aircraft  is  representative  of  a 
The  forces  retpiired  to  move  the  control 
suriaces  are  provided  by  the  pilot  through  a ci'mbination  of  centerstick* 
(lontiols  ailt-ron  and  elevator  position)  and  pedals  (controls  rudder). 
There  .ire  also  trim  controls,  to  be  discussed  latiT.  There  is  .1  throttle 
control  tor  engine  piower  setting,  together  with  controls  for  starting  the 
engine.  Aiixili.iry  controls  m.ike  up  the  rem.iinder  of  the  comiilemont 
(fl.ips,  landing  ge.ir  , etc.). 


In  the  light  airplane,  the  centerstick  .and  ped.als  are  connecteil  to 
the  control  surt.aces  by  means  of  .1  series  of  pushrods,  cranks,  pulleys, 

.ind  lontrol  cables.  Motion  <’f  the  stick  i-.ausi’S  elements  i)f  the  intercon- 
necting link.age  to  move  which  in  turn  cause  motions  of  the  control  sur- 
laci'S.  1 hi‘  control  system  is  reviTsible  in  th.at  motion  of  the  surt.ii'e 
will  c.iuse  motion  of  the  pilot's  control  (stick  or  pedals). 

The  piiloi  must  supjily  the  forces  reipuired  to  move  and  hold  the  control 
surface  (e.g.,  elev.itor)  .ig.iinst  the  .lerodvnamic  pressure  acting  uiuui  it. 
Ignoring  the  effects  of  friition  within  the  control  system  linkage,  the 
‘ones  reipiired  .ire  [import  i on. 1 1 to  the  surtact'  defleet  ion  .tnd  incre.ise 


* Yoke/wheel  .1  r r.ingemen  t s .are  .also  used.  Fore-.and-af  t 
controls  the  elev.itor;  s t ee  r i ng-whee  I - I i ke  motions  control 


mot  ion  still 
the  ailerons. 
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iiesi^;ns  ilcsi- r i hcti  .is  having’  parallel  trim.*  In  these  systems,  the  aileron 
and  elev.itor  trim  is  oiten  t humb-fon  t ro  1 1 ed  bv  dellectinK  .i  "coolie  hat" 

.1  f iHir-i'os  i t ii’ii , s|'r  i np,- 1 o.ided  to  center,  switih  on  the  pilot's  stick  grip 
(.Figure  ‘M  . Dei  lecting  the  "li.il"  i;iuses  the  control  surface  (.and  the 
stick  with  .1  p.ar.illel  trim  system)  to  move  .at  .a  slow  r.ate.  Wlien  the 
switcii  is  r»-le.ised  the  motion  stops. 


FICUKK  9.  AV-8A  Oenlerst ick  (dip  with  Auxili.iry  Controls.^ 


* The  term  "parallel"  r«*fers  to  the  fact  that  the  stiik  and  the  sur- 
face move  together.  Series  trim  is  also  used.  The  terra  "series"  means 
that  the  trimming  device  is  between  the  coikpil  control  and  the  surf.ace 
so  that  its  operation  results  in  control  surf.ace  motion  but  no  correspond- 
ing motion  of  the  stick.  Series  trim  systems  are  sometimes  criticized  on 
the  ground  that  the  pilot  do»*s  not  know  what  the  surface  trim  position 
is  without  looking  .at  .a  [lane  1 indicator.  Consequently,  he  does  not  know 
how  much  additional  surf.ace  deflection  (control  power)  is  available  for 
maneuvers . 

^ iNav.a  1 Air  Systems  Command.  .V/i  Pi!  Fl  Lipnt  Mwiual,  Navy  yodc! 

Air  ‘raft  , 19  February  1975;  Change  I,  15  September  l'^75.  (NAVAlR-01- 
AVHA-I . ) 
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In  .iMitrast  to  tin*  oenterstirk  (.md  to  .1  much  lesser  extent  the 
ped.ils),  the  secondary  flight  rinitrols  in  the  cockpit  of  CTOI.  alrcratt 
arc  adjusted  relatively  infrequently.  These  controls  include  the  throt- 
tle, fl.ips,  landing  gear,  and  controls  for  taxiing  the  aircraft  (c'.g., 
lelt  .ind  right  main  landing  gear  brakes,  to  permit  ground  steering  hv 
ditterential  braking).  Of  these,  operation  of  the  throttle  is  the  mc'st 
germane  to  the  present  discussion. 

In  a conventional,  high-perform.anc  e airplane,  the  throttle  is  nor- 
mally Icuated  c'li  tht>  pilot's  left,  is  continuouslv  adjustable,  and  is 
held  in  position  by  frictic'n.  The  friction  forces  typicallv  are  ad  just - 
.ible  to  suit  an  individual  pilot's  preferences.  because  certain  power 
settings  .ire  used  relatlvelv  frequently,  there  may  be  detents,  or  other 
means,  bv  which  the  throttle  can  be  set  to  a desired  position  without 
visual  ri-ference  to  the  throttle  position.  If  there  is  more  than  one 
engine  the  installation  of  the  several  throttles  is  such  that  they  can 
be  mi'ved  as  one,  i.e.,  they  can  be  ganged  tc^gether.  I'here  are  also  "fine 
.adjustments"  between  each  throttle  to  establish  identical  engine  rpm  ancl/ 
or  economical  cruise  operation.  Because  inadvertent  change  of  the  throt- 
tle setting  during  the  critical  operations  of  landing  or  takeoff  could  be 
disastrous,  the  control  is  typically  provided  with  a "guard"  which  pie- 
vcnits  throttle  motion  beyond  specified  limits,  unless  the  guard  is  deac- 
tivated. The  deactivating  device  takes  the  form  of  a button  or  trigger- 
like lever  on  the  throttle  which  must  be  depressed  or  squeezed  before  the 
throttle  can  be  moved,  for  example,  below  flight  idle. 

In  the  helicopter,  the  nature  of  the  aircraft  .and  its  unique  flying 
capabilities  introduce  a number  of  changes.  First  among  these  is  the 
addition  of  another  primary  flight  control,  the  collective.  This  typi- 
cally takes  the  f o.rm  of  an  i nc  1 ined- 1 rom-the-hor  1 zon  t a 1 stick,  located 
to  the*  pilot's  left  (Figure  10).  The  stick  is  pulled  up  or  pushed  down 


FIGURK  10.  Helicopter  Collective  Lever. The  lever 
is  shown  at  the  upper  limit  of  its  travel. 


^ .lacob  Shapiro.  }‘rinaipLp.s  of  Upliaoptev  Enpinoorhuj . Nc»w  York, 
McGraw-Hill,  1956. 
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•iV.iinst  t ft.iid  iiiy,  trillion  to  iiuro.i  o or  di-i  roasi-  t ho  rotor  bla<io  col- 
loitivo  (' i 1 1 li , lionio  t ho  ho  1 i i op  t o r ' s lift.  liooauso  al  toting  tlio  rotor 
pitili  olianp.os  t lu’  lu.id  on  t ho  on^inois),  tlio  powor  must  lio  adjii.stod 
s imii  1 1 anoi'us  1 V wlti\  tlio  co  1 1 oot  i vo  . liiis  is  providod  in  simple  holi- 
loptiTs  I'v  install  inp,  a twist  prip  on  tho  ond  of  t ho  col  loot  ivo  levor 
wh  i I h aits  liki‘  a throttle.  I'ho  pilot  can  thon  mako  colloi'tivo  and  (lowor 
ad  i list  mi  nt  s s i nui  1 t anooiis  1 y . In  moro  complox  systems,  tho  coordination 
ot  onpino  powor  .and  rotor  blade  pitch  is  accomplished  bv  a rotor  speed 
povoinor  wliich  operates  much  like  the  povornor  on  a turboprop  eiipino.  Ihe 
throttle  control  is  replaced  bv  a povernor  control  and  an  enpine  trim 
tboi'port  switcii.  Sometimes  a separate'  throttle  control  is  provided. 

riie  control  properties  of  the  helicopter  are  also  somewhat  different 
; rom  .i  conventional  aircratt.  Clianpos  in  attitude  at  low  airspeeds 
result  in  t r.ins  1 ,it  ion  alonp  the  pround,  and  not  a climb  or  dive.  Thus, 
t.akeofi  is  aciomi)  1 i shed  by  increasinp  power,  raisinp  the  collective,  and 
pitchinp,  the  helicopter  nose  down  the  helicopter  mov i np  forward  with 
pitih,  upw.ird  with  collective.  Frequently,  the  feel  characteristics  in 
the  cyclic  stick  used  lor  control linp  attitude  are  unconventional  in  that 
then'  is  little,  if  .my,  force  tiuidinp  to  return  the  stick  to  a neutral 
position.  A helicopter  pilot  flyinp  close  to  the  pround  has  both  hands 
on  the  two  prim.'iry  controls  - cyclic  and  collective. 

The  desipn  ot  the  coikpit  controls  in  a V/STOl,  aircraft  has  features 
in  I omnion  with  both  the  conventional  airplane  and  the  helicopter.  In 
• idd  i t i on , it  has  (ontrols  for  the  ci'iiversion.  Wliile  there  is  consider- 
.ible  tradition.il  b.isis  for  the  desipn  of  controls  tor  either  conventional 
or  hoverinp  flipht.  the  situ.it  ion  1 .s  not  so  clisir  foi  the  conversion  con- 
trols, or  how  tliey  relate  to  tlu’  throttle  or  collective.  Consequently, 
then  h.is  not  evolved  a "universal"  desipn  for  these  controls  in  the 
V/S'IOh. 

Desipn  practice  is  he.ivily  influenced  bv  the  n.iture  of  tile  parlicu- 
l.ir  1 i t t /propu 1 s i on  system  concept  used  In  the  aircraft.  Usually,  the 
conversion  controls  are  .irranped  to  control  thrust  mapnitude  and  thrust 
direction.  The  mapnitude  is  controlled  with  a throttle  or  a collective; 
the  anple  is  controlled  with  a finpertip  control  on  the  thrust  mapnitude 
lever,  or  with  .i  separate  lever  as  in  Fipure  II.  Ihe  tlnpertip  control 
arranpement,  such  as  ;i  thumbwheel  or  trim  button,  is  used  when  the  con- 
version anpU*  is  controlled  at  a constant  rate  .'ind  wtiere  sever.il  sur- 
taies  must  be  scheduled  in  .'i  I'oo  rd  i n.i  t ed  f.ishion  .is  in  the  tilt  winp  or 
tilt  duct  ainratt  ol  Fipures  2a  and  2b. 

in  cases  where  separate  lift  and  propulsion  devices  are  used  there 
are  fre<iuently  separati-  controllers  in  the  cockpit.  Thus,  there  can  be 
two  sets  of  throttles,  one  of  which  lontrols  lift,  other  propulsion. 

In  some  .i  i rc  r.i  1 1 there  is  .i  discrete  ch.inpeover  or  seqiu-nclnp  from  one 
mode  or  operation  (thrust)  to  the  other  (lilt),  wiilch  is  trequently  con- 
irollel  by  a propramm<*r  or  scheduler  set  In  motion  bv  .in  appropriate 
switch  in  the  cockpit. 
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SPEED  BRAKE 
SWITCH 

MICROPHONE 

BUTTON 


throttle 


AIRSTART  BUTTON 


brake  LOCK 
LEVER  AND  TRIGGER 

SPRING  LOADED 
FUEL  THROTTLE 
STOP 

NOZZLES 
CONTROL 
LEVER 


ADJUSTABLE 
THROTTLE  STOP 
CONTROL 


throttle  off  STOP 


THROTTLE  AND  NOZZLE 
LEVERS  FRICTION  KNOBS 


BRAKING 

STOP 


ENGINE 

TEMPERATURE/ 
PRESSURE  RATIO 
LIMITERS  ON  OFF 
SWITCH 


SHORT  TAKEOFF  STOP 
HOVERING  VERTICAL 
TAKEOFF  STOP 


FlC.i'KF.  11.  Throttlf  and  ConVfT.s ' on  Coiurot.s  tor  tlu-  AV-8A.  ’ Tlu‘ 

.id  jus  tab  If  stops  on  ihf  nn/.zlf  inntrol  levor  .iro  prc'Sfiil  to  suit 
dfsirfd  nozzlf  trim  positions.  Tho  nozzle  levt'r  position  stiown 
liere  is  for  cruise  fli^bt  (nozzles  directed  aft).  Ttu  iiitoil 
lever  on  the  tbrottle  must  be  squeezed  to  pull  the  throttle  to 
its  fully  aft,  eiiKiiie  shutdown  position. 

FLIGHT  CONTROL  SYSTEMS 

As  the  size  and  perform.ince  c.ip.ib  i 1 i t i es  of  an  .lircraft  iiurease,  be 
it  conventional  or  V/S1U1,,  the  foici-s  required  to  deflect  and  hold  con- 
trol surt.ices  do  also  to  the  point  where  tiie  pilot  no  longer  ti.is  tin* 
(ap.ibility  of  providing  the  necess.irv  control  forces.  T tie  svstenis  wliich 
have  evolved  in  response  to  tins  situ.ition  are  hy  d romechan  i c.i  1 in  nature, 
wtierein  ,i  port  iiin  (power  boost)  to  all  (fully  powered)  of  the  force 
required  to  move  and  hold  the  I’ontrol  surfaces  is  gener.it«-d  hydr.nili- 
cally.  The  hydraulic  v.ilves  are  controlled  by  the  stick,  pedals,  or 
collective  through  a mech.inic.al  link.ige.  These  svstems  are  (juite  an.ilo- 
gous  to  .automotive  power  steering  or  power  brakes. 

One  major  consideration  in  the  design  of  such  systems  is  the  provi- 
sion of  adequate  control  "feel."  As  the  force  amp  1 i I ic.it  ion  i lure.ises  . 
the  sens.it  ion  of  surface  forces  felt  in  the  stick  deire.ises.  Tlu'  fully 
powered  systems  are  non-reversible  in  that  forces  .applied  to  the  surf.ne 
cannot  move  the  stick.  The  only  controlling  forces  are  those  required 
to  move  the  linkage  and  activate  the  liydraullc  valves.  Consequently, 
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Ilif  pilot  Would  have  no  app  rt-c  i >»  t itni  of  tlu-  coiUrol  effort  being  .applieti 
wliliotit  the  incorporation  I'f  "artitii  ial"  feel  features.  These  are 
di'viies  wliioh  provide  the  pilot  with  some  measure  of  the  control  force 
seii'-at  ions  wh  i I h at»-  otlierwise  laiking  in  the  powered  flight  lontrol 
s vs  t em . 


besides  providing  feel  characteristics,  siu  h systems  frequently 
ini  hide  devices  wh  1 1 h inliibit  the  pilot  from  dem.inding  too  much  maneu- 
ver inc  pertormanie  ot  the  aircraft.  A common  device  is  tlie  bobweigfit, 
wii  i . li  in.  te.ises  the  stick  forces  proportionate  to  maneuvering  normal 
ii  ich  r It  ion,  as  in  t ight  turns  and  pu-llups.  "Stick  pushers"  are  some- 
times used  tor  a simil.ir  purpose;  these  are  devices  which  apply  a for- 
ward St  i k force  when  the  .lircraft  approaches  stall.  More  cc'mmon  is  the 
stick  shaket  whicli  picwides  a tactile  warning  of  the-  aircraft's  approach 
to  st  ill.  Horns  and  lights  are  sometimes  used  to  warn  of  an  approach  to 
• 111  unsiti  tliclit  condition. 

Flight  control  systenis  frec|uentlv  include  devices  wti  i c h augment  the 
inheient  damping,  stability,  and/or  controllability  cha  rac- 1 e r i s t i css  of 
the  air.  i .it  t . Ihese  .are  .actually  feedback  control  systems  where  the 
qii.intitv  being,  controlled  is  measured.  For  example,  the  rate  at 
which  the  .iinraft  is  rolling.  They  are  mechanized  by  sensing 
tiie  motion  with  an  appropriate  instrument,  a rate  gyro  in  this 
1‘xample,  and  using  this  signal  to  command  .a  small  actuator  (hydraulic, 
pneum.itic,  c'r  electric)  servo  which  positions  tlie  control  surface  through 
a seric-s  link  in  sucli  a wav  as  to  resist  the  motion.*  Other  devices 
similar  in  meet). inizat  ion  and  purpose  are  used  in  other  control  axes  and 
include  the  pitch  damper  and  yaw  damper.  Other  sensors,  for  example 
acce lc*rometers , are  used  with  appropriate  equalization  to  create  the 
side-slip  stability  augmentor  (acts  to  resist  sideslip)  and  vertical  velo- 
city damper  (used  in  the  XO-l-'i.l,  Figure  2a). 

In  addition  to  tliese  feedback  devices  there  are  also  feedforward 
loops  which  act  to  assist  the  pilot  in  coordinating  multiple  controls, 
that  is,  to  improve  l iie  control  response  characteristics.  These  include 
various  interconnects  such  as  the  aileron-  or  st ick-to-rudder  intercon- 
nects used  to  improve  the  responses  in  turning  maneuvers,  and  throttle- 
to-elevator  Interconnects  used  to  minimize  the  p i t ch-w i t h-power  charac- 
teristic’s exhibited  by  aircraft  in  which  thrust  changes  would  otherwise 
result  in  pitching  moments. 

A paramount  consideration  in  the  design  of  such  systems  is  that  of 
reliability.  Here  there  arc-  two  basic  approaches:  system  design  which 


* The  term  "series"  is  used  in  the  same  sense  as  in  the  earlier  foot- 
note on  trim  systems,  that  is,  the  control  surface  motion  Is  not  reflected 
in  a motion  of  the  pilot's  stick.  Tlie  pilot  is  not  directly  aware  of  the 
augmentor's  activity,  because  the  stick  does  not  move. 
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provide',  tor  "toll  b.ick"  e.ip.ili  1 1 i ty  in  the  event  ot  a failure;  or  rediiti- 
dain  V ill  the  desipi'  't  i level  wti  1 eh  etfiM  lively  p rec  1 iidt's  single,  dual, 
or  triple  failures  (ilependinp  on  liep  ■ ee  ot  redundaniy ) from  eomp  rom  i s i n^; 
tile  pilot's  I'ontrol  of  the  .n'reraft.  There  art",  of  (('urst*,  i n I ermial  i a t e 
appri'aihes  t «'  l lie  dt'siytn  ot  flipl't  i Mitrol  systems  whieh  depend  ujion  tiie 
ih-tails  ot  till'  intended  mission  am!  l tie  eos  t /per  f o rmaiice  lompiomise 
intendeii.  Tlie  tollowinv;  paragraphs  outline  the  extri'mes. 

In  t tie  first  .ipproaeti  the  liesiKo  ‘’f  the  flight  eonlrol  systems  allows 
some  measure  of  pilot  ec'iitrol  in  tin  event  of  a failure.  The  situation 
is  analo>Mnis  to  certain  tai  lure's  in  pi’wer  steering  or  power  hr,ikes  of  an 
autc'motiile  some  measure  of  control  is  retained.  Thus  the  serii's  ser- 
vos used  for  stability  atui  response  augmentation  have  limited  authority; 
even  it  a failure  lauses  the  servo  to  go  to  tlie  fullest  extent  of  its 
travel  ("hardover"  failure),  the  pilot  i .in  override  its  eftm  t (ui  the 
control  surface  by  defleiting  the  cockpit  ((Mitrol  in  the  opposite  direc- 
tion. The  aircraft  will  undergo  transient  motions  in  the  me.intime,  and 
the  stability  .augmentation  fe.ature  is,  of  lanirse,  lost  from  that  point 
onward.  This  rel.ativelv  simple  approach  is  ap|ilicable  to  those  c.ises 
where  the  required,  .lugmented  improvement  in  the  .liriraft  response  i har- 
.icterislics  is  relatively  small.  It  the  augmiuitor  l.iils,  t tu  resulting 
transients  and  subsequent  resjionse  ihar.acter  are  ( mit  ro  1 1 .ib  1 e ,it  an 
accept.able  level  of  effort.  The  .aircraft  m.ay  even  be  .ible  to  complete 
its  mission,  and  is  certainly  cap.abl.  of  returning  to  its  base. 

The  second  appro.ach,  using  redundant  elements  in  the  system  design, 
is  .applicable  in  those  cases  where  .a  system  failure  wanild  compromise  the 
mission,  perhaps  even  the  .aircraft's  survival.  In  these  ( .ases  the  air- 
craft's characteristics  .are  such  as  to  render  it  extremely  difficult,  if 
not  impossible,  ty  adequately  control  the  aircraft  in  the  event  of  a 
failed  flight  control  system.  Ful  I -aut  hor  i t y augment  a t i (ui  l■.a|l.able  of 
controlling  the  airpl.ani-'s  control  surf.ace  over  the  lull  range  oi  its 
travel  is  a c.ase  in  point;  dual  ri'dundancy  .at  U-ast  is  required  to 
prevent  full-authority  hardover  (therefore  uncon  t ro  I 1 .ab  1 e ) f.ailures. 

Such  augmentation,  and  concc'm  i t .ant  redundancy,  is  used,  e.g.,  in  modern 
supersonic  jet  airliners,  which  are  sometimes  inherently  unst.ible  (due 
to  an  .aft  center  of  gravity).  In  c.ises  sucTi  .as  these,  autom.ation  of  the 
flight  lonirols  is  no  longer  descrihable  as  a pilot  aid,  but  rather  .is 
an  essential  feature  of  the  aircraft  design  much  as  the  structure  or 
power  plant. 

This  example  also  serves  to  Illustrate  a fundamental  characteristic 
of  a feedback  control  system  the  ability  of  such  a system  to  desen- 
sitize the  airpl.ane's  motion  responses  to  hotii  externally  and  internally 
generated  disturbances.  A high-gain  feedback  control  loop  liaving  high 
authority  can  m.ake  the  airplane's  motion  responses  more  or  less  indepen- 
dent of  the  disturbances,  for  example,  tliose  induced  by  the  propulsion 
system,  up  to  the  point  where  the  magnitude  of  the  disturbances  causes 
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tln‘  cotUiiil  authiirilv  ot  tin'  t i-tHitiarl-  loap  t vi  bn  i'Xia'f<ind . Itu-  hij’.li 
autliaritv  nf  tin-  laop  also  nii'ans  iti.il  it  laatn't  lx  allowed  to  fail,  c.g., 
gi'  hard  .iviT,  as  this  would  likely  ho  < a t as  t roph  i c to  tin-  airiratt. 


AUTOMATIC  FXIGHT  CONTROL 

111  addition  to  the  iorot'  amp  1 i t i i a t i on  , control  stability 

and  I cspi'iiso  augini’n  t a t i I'li  loatnres  dosoribod  I Inis  t.ir,  the  I light  iuntrol 
svsti'D  I an  h.ivi'  a luimber  of  additional  teatures  whioh  act  to  relieve  the 
pilot  ol  one  or  more  ot  his  eontrol  tasks,  at  his  option.  Most  of  these 
1 an  bo  oonsidered  to  be  regulators.  Ihus,  t hi-  automalic  flight  control 
system  (autopilot)  ran  inoorpor.ite  .altitude  hold,  heading  hold,  .iltitude 
hold,  eti.  , fe.itures  wli  i i h oper.ite  through  the  primary  flight  lontrol 
system.  Itiese  deyiees  require  additional  sensors,  e.g.,  attitude  gyro, 
direitii'iial  gyro,  rad.ar  or  b.irome  t r i c altimeters,  etc.,  for  the  motion 
quantities  being  controlled.  They  generally  opera'e  through  p.ar.illel 
seryos;  the  cockpit  controls  move  in  response  to  the  autopilot  action, 
thereiiy  atfonling  the  pilot  a means  i>f  monitoring  autopilot  aitivity. 

Tlie  pilot  need  only  select  the  attitude,  heading,  altitudi-,  or  whatevir 
desired,  .Hui  the  system  does  the  rest. 

Other  regulatory  systems  operate  through  the  second.ary  flight  con- 
trols, .ilmost  universally  through  parallel  servos.  These  intlude  auto- 
throttles (.iirspeed  hold  or  t r i m-ang  I e-o  f -a  1 1 ac  k hold  devices)  and  gover- 
nors (propi-ller  or  rotor  rpm  regulators).  Setting  ol  a suitable  n-ter- 
ence  coiniition  is  usu.illy  the  pilot's  responsibility,  but  is  sometimes 
implii  it  in  the  design  ot  the  atitomaiic  camtrol. 

Another  type  ot  automatii'  lontrol  is  the  scheduler.  This  device 
.liters  till'  trim  setting  or  position  of  one  control  in  response  to  a 
( hange  in  si  me  sensed  motion  quantity  or  other  iiuiic.iiion  of  the  trim 
flight  condition.  A typical  application  is  flap  setting  change  scheduled 
as  a function  of  airspeed  and  perhaps  power  setting.  iiere  thi'  system 
typiially  fiiiutions  through  a parallel  servo;  the  cock|)it  control  moves 
in  concert  with  the  control  surface.  Another  example  has  alre.idy  been 
noted  in  connection  with  engine  thrust  control  - th.it  of  automatic 
scheduling  of  the  air  intake  geometry  with  angle  of  .attack  and  Mach 
number  in  supersonic  .lircraft.  In  this  Instance,  there  m.iy  only  be  a 
panel  indicator  of  the  scheduler's  operation.  A third  example,  t.iken 
from  the  XC-lAd  aircraft  illustrated  in  Figure  2a,  is  a mech.anic.al  con- 
v«*rslon  scheduler  or  "mixing  box"  which  provides  both  propeller  blade 
pitch  .and  flap  angle  changes,  as  functions  of  the  wing  tilt  angle. 

Safety  ol  flight  with  parallel  sc-rvo  devices  is  assured  through  a 
variety  of  techniques,  depending  upon  the  potential  effects  of  a failure 
in  the  system.  These  system  concepts  lie  somewhere  in  the  spec-trum 
between  limited  authority,  single  thic*acl  (i.e.,  no  redundancy)  systi'ms 
to  full-authority,  highly  redundant  systems.  Typically,  the  parallel 
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scrvi'S  iro  .lu  t oma  I i c a I 1 v d i si  dinuu’ t i‘'l  when  a moderale  fnrte  is  applied 
to  tile  I'lH'kpit  control.  The  force  i set  h i gli  enoii^ti  to  avoid  nuisance 
ilisconnets  lanst'd  tiv  t lu-  pilot's  kei-pinjj  liis  liands  in  the  lontrol,  which 
lie  will  do  in  anv  case.  In  otlu-r  cases,  switches  for  disconnecting  t tie 
system  will  be  located  on  the  cc*nterstick  >;rlp  or  the  throttle.  Switciies 
tor  .ntiv.ttin>;  t hc‘  system,  rc'fereiut-  i^iettiiiK  controls,  monitor  lights, 
eti  .,  are  on  the  instrument  ii.ine  1 . 

In  some  applications,  st‘ 1 1 -mon  i t r j ng  te.itures  m.iy  he  incorporated 
wti  i c li  discminect  tlie  dc‘vice  upon  exceeding  some  cic'sign  error  tolerance 
.ind  advise  the  pilot  ot  tile  situation  -{alarm  light,  instrument  flag, 
horn , etc.). 

Anotlier  feature  tliese  systems  use  goes  bv  tlie  general  term  of  built-in 
test  (BlI).  These  are  features  wli  i c li , on  one  level,  allow  tiie  pilot  to 
vc-ritv  subsystem  integrity  before  using  it  and,  on  another  level,  allow 
m.ilfunction  identification  .nici  isolation  for  maintenance  purpo.ses.  flie 
tunctional  complexity  ot  these  automatic  contrcils  i i.  in  l.irge  measure  due 
to  the  v.irious  self-monitoring,  se 1 t -check i ng , or  testing  features  which 
are  i ncc'rpora  t ed  — so  much  so  tiiat  the  simplest  portion  of  the  system  is 
often  that  wliicli  actually  provides  the  automatic  control  action. 

(liven  tlie  range  of  automatic  control  devices  descritied  in  the  pre- 
ceding paragraphs,  the  pilot  need  only  translate  guidance  and  naviga- 
tional information  into  appropriate  reference  settings  for  the  aircraft 
to  fly  itself  for  much  of  the  time.  Kven  this  task  can  be  placed  under 
automatic  control,  and  fre(|uc-ntly  is  for  critical  applications  such  as 
blind  1 .ind  1 ng  . 

An  automatic  landing  system  recjuires  a means  of  generating  guidance 
information  (location,  velocity,  etc.,  of  the  aircraft  relative  to  the 
desired  landing  spot),  translating  tliis  information  into  autopilot  com- 
mands (a  computer),  and  a coupler  whicti  couples  these  comm.uuis  to  the 
aircraft  .lutopilot.  The  entire  systt'm  Is  a closed-loop  feedback  i-ontrol 
system  which  functions  to  regul.ate  the  aircraft's  path  and  speeii  along 
tfie  fin.il  approach  to  landing.  Tlie  Navy's  Automatic  Carrier  Landing 
System  (ACl.S)  and  commercial  aviation  landing  systems  with  Category  III 
capability  (automatic  all  tlie  way  to  touchdown)  are  c-xamples.  Botli  .are 
motivated  by  weather  conditions  where  the  pilot  lias  insufficient  visi- 
bility for  a safe  landing  under  manual  (pilot)  control. 

The  flight  control  teciinology  outlined  above  carries  with  it  a variety 
of  small  controls  (switches,  pushbuttons,  etc.)  anci  associated  panel  indi- 
cators (e.g.,  indicator  lights  of  the  mode  of  operation  selected),  all  of 
whlcti  are  required  in  order  to  fly  the  alrcr.aft.  The  pilot's  task  is 
more  complex  by  virtue  of  the  number  of  options  open  to  him  for  control 
and  the  possible  courses  of  action  to  take  depending  upon  the  nature  of 
the  panel  indications  (e.g.,  failures,  warning  lights). 
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V/STOL  RESPONSE  QUALITIES 

I’rei  I'd  ing  sections  of  tiiis  report  have  foment  rated  on  tiie  hardware 
a.spei  ts  ol  V/SrOI,  teihnolop.v-  While  there  have  been  frequent  referenres 
to  piloting  re(iu  i rement  s for  monitoring  or  rontrollinp,  the  .liriraft  and 
various  ot  its  subsystems,  these  aspefts  have  not  been  examined  as  an 
intep.rated  whole.  In  this  section  the'pilot’s  role  is  briefly  extimined, 
t o 1 1 owetl  bv  a deseriptic'n  of  those  V/STOL  response  qualities  falling  out 
of  the  technology  described  earlier  which  contribute  to  the  excessive 
Workload  problem  noted  in  the  I n t rodui- 1 ion . 

THE  PILOT'S  ROLE 

I'he  pilot's  role  in  flying  the  V/STOL  aircraft  consists  of  a number 
ot  functions,  all  ot  which  have  their  counterparts  in  conventional  air- 
craft. Ihev  can  be  briefly  listed  as  follows: 

1.  Cc'ii  f i gu  ra  t ion  scheduling;  lift/thrust  management 

2.  Attitude  stabilization 

i.  Path,  speed,  and  position  ccuitrol  or  regulation 

4.  Subsystems  management 

iach  of  these  functions  is,  however,  more  demanding  than  the  counterpart 
in  convent i onct  1 aircraft.  The  pilot  has  more  things  to  control  which  are 
changing  taster  and  which  must  be  attended  to  in  shorter  periods  of  time. 

Lxcessive  demands  on  the  pilot  are  in  large  measure  a consequence  of 
characteristics  inherent  in  the  V/STt'L  concept.  Indeed,  it  quite  often 
happens  that  quite  dissimilar  V/STOL  configurations  exhibit  strong  simi- 
larities in  beh.ivior  in  response  to  the  cccntrols  because  of  similarities 
in  the  underlying  physics  governing  the  aircraft's  motions.  This  is  why 
the  workload  problem  and  the  pilot's  role  can  be  addressed,  at  least  in 
part,  without  configuration-specific  considerations. 

CONFIGURATION  SCHEDULING 

During  a landing  appro.ich,  for  example,  the  pilot  desires  to 
m.aintaln  a desired  flight  path  while  the  configuration  and  airspeed 
are  clninged  for  landing  (gear,  flaps,  throttle  setting,  etc.).  In 
the  V/S'lOL  the  changes  in  thrust  angle  and  magnitude  are  much  more 
profound,  and  typically  result  in  "ballooning"  above  the  desired 
glide  slope  upon  initialing  conversion.  both  path  (or  altitude)  and  speed 
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ili.mgos  rosiilt  frinn  i-hanj'j's  in  i>ifc-ti  itlitudi!,  tlirntlle  settir])»,  .md 
thrust  .mytle;  the  apprupr  i at  e t echu  i (]  ue  whi>h  acromp  1 i shes  the  (iecelera- 
tion  while  mi  iiimi  zin^t  tlie  palii  c|  ist  iirhanees  and  ma  i n t a i ii  i np,  flipht  safety 
is  reiatively  cemplex.  ami  usua  I 1 v thi'  result  I'f  caretullv  worked  out 
sequential  proiedures.  The  " I 1 ex  i h i I i I v"  [irovided  hv  the  redundant  con- 
trols is  lost  in  the  necessarily  restrictive  proieilures  required  lor  lilt 
and  thrust  mantipement  durinp  transition. 


STABILITY  AND  CONTROLLABILITY 

More  aircr.il  t decrees  of  freedom  must  he  st.ihilized  and  controlled 
than  is  typic-al  for  conventional  aircraft.  In  the  convent  ional  flight 
regime,  the  pilot's  control  of  vehiclt"  attitude  is  usu.illy  sufficient  to 
guarantc'e  stability  of  the  motions  in  the  t rans  1. it  ional  clegrees  of  fr(.'e- 
dom  lateral  drift,  forward  speed,  and  rate  of  climb  or  descent.*  In 
V7S'H)L  .aircr.ift  in  ir.insition  or  hovering  tlight,  attitude  control  is 
insufficient  more  often  than  not;  tin'  translational  motions  do  not  "take 
care  of  themselves,"  are  often  unstable  in  their  responses,  and  require 
mc're  precise  control  to  execute  the  desired  maneuver  (e.g.,  landing  on 
the  moving  deck  of  a ship).  The  rotational  motions,  that  is,  motions  in 
pitch,  roll,  and  yaw,  can  also  be  unstable  in  their  ri'sponses,  particu- 
larlv  when  the  aircraft  is  in  close  proximity  to  the'  ground.  I he  causes 
here'  have  already  been  noted:  flow  turning  forces  and  moments  in  the 
1 i f t /propu 1 s i on  system;  and  ground  effects  c-aused  by  the  interaction  of 
high  velocity  downward  flow  with  the  ground. 

A helicopter  in  hover  is  statically  stable  in  attitude  because  the 
center  of  lift,  the  rotor,  is  above  the  center  c'f  gravitv.  It  is  fre- 
quently dynamically  unstable  in  attitude  In  that  pilch  or  roll  ccscilla- 
t ions  will  exhibit  incre.ising  amplitude-  with  time  unless  the  pilot  inter- 
venes. If  the-  rate  of  amplitude'  increase  is  not  too  rapid,  he  c.in  con- 
trol or  dampen  the  oscillations  to  an  acceptable  amplitude. 

A hovering  jet-lift  V/Si'OL,  on  the  other  hand,  i neutrally  stable, 
peril. ips  even  statically  un.'-'table,  in  altitude;  the  center  ol  lift  is  coin- 
cident, perhaps  even  below,  the  (enter  of  gravity.  ihe  divergent  tendency 
may  be  .iggravated  by  ground  effects  or  flow  turning  moments.  Ihe  pilot 
must  detect  and  correct  the  divergence  early;  if  he*  does  not,  he  may  run 
out  ol  control  power  and  be  unable  to  recover  control.  The-  silu.ition  is 
somi'thing  like  balancing  a broomstick  on  end.  it  is  easy  to  recover  if 
the  broomstick  Is  long  (slow  divergc-nce)  and  it  is  not  al  Ic'wed  io  tip  or 
fall  too  far,  and  difficult  if  the  broomstick  is  sliiirl  (rapid  divergence). 


* When  this  is  not  the  case,  the  translational  motions  must  be  con- 
trolled separately,  using  a different  control.  Instability  in  the  path 
and  speed  responses  often  occurs  for  jet  aircraft  during  landing  approach 
and  is  separately  control  Ic'd  through  the  throttle. 
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St.ibility  ill  t Ih'  liiu-.ir  dt-gre-es  I’t  f ret'cldin  assumf  greater  importaiire 
in  V/STOI.s  relative  to  conventional  airplanes.  In  contrast  to  (ITOl.s, 
altitude  motions  .are  controlled  separ.itely;  rei.ill  the  earlier  discus- 
sion ot  the  relative  st.ibility  of  vertical  motions  in  a low  disk  loading 
helicopter  vei  sus  the  high  disk  lo.uiing  or  fan-lift  V/STOI,.  The  t rans- 
l.itional  motions  are  also  important,  particularly  in  hover.  These  m(itions 
(d isp 1 ai ement s from  a desired  landing  spot)  are,  at  best,  neutrally  stabli* 
there  is  no  inherent  tendency  to  return  ti'  the  desired  landing  spot  in  the 
.ibsiMice  of  pilot  intervention.  Since  these  motions  are  often  controlled 
by  .ittitude.  the  responses  of  which  often  exhibit  deficient  stability,  it 
can  he  .ippreciated  th.it  precision  hover  is  a very  dem.anding  task  par- 
ticularly in  gusty  conditions  or  in  the  presence  of  destabilizing  grcnind 
elfi'cts  (e.g.,  suckdown  or  loss  of  lift  close  to  the  ground). 

in  summ.iry,  past  V/STDl.  aircraft  designs  have  exhibited  one  or  more 
deticiencies  in  stability,  controllability,  and  sensitivity  to  distur- 
bances, part  i( u lar 1 y when  judged  in  a context  of  a demanding  piloting 
t.isk  siu  h as  a decelerating,  descending  precision  instrument  approach  and 
landing,  perhaps  on  the  moving  deck  of  a ship.  Under  such  i i rcumstances , 
"scju  i r re  I i ness"  in  the  responses,  requirements  for  precise  coord  i n.i  t i on 
c>;  .1  number  ot  manipulator  deflections,  or  c'Xcessive  responsiveness  to 
t.iclors  in  the  ex'c'rnal  environment  severc-ly  ciimpromise  the  pilot's 
.ibilitv  to  carry  out  his  (lying  tasks. 
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FUTURE  TRENDS 


rtu'  tfi  h:u'l">;y  ontliiu'd  thus  t it  is  ivpi'ul  ul  V'SI'OI.  .linr.il  l tlyinj; 
loJav,  built  in  tti*-  l.itf  50s  tu  laic  bOs  and  ilcs  even  earlier.  Even 

the  re.  ent  XV- 1 5 Tilt  Rutor  Reseatiii  Air.  rail  (Figure  l.i  , wliile  mure 
soph  i s I i I a t ed  aerudvn.ira  i i .i  I T.  , empluvs  ili^thi  .untrul  sv.stem  teehnulu^tv 
ut  this  vinl<i>;e.  Future  V/STiM.s  will  see  a number  ul  ih.inpes,  [tartieu- 
larly  in  their  lli>;ht  inninil  .ispeiis.  Tliese  i hanpes  will  ( ume  abi'ui  as 
a uniun  between  the  peri  five. I need  !.>r  lertain  kinds  ul  impt  ovement  s 
iiiit  ed  in  the  preeedinp  seetiun  and  the  ava  i 1 ab  i I i l v of  the  teehnulupv 
tur  leali/inp  tlu'm  outlined  below. 

The  airiratt  shown  in  Fipure  I ii'presints  a eoiiieiitual  design  ul  a 
N.ivv  V/.ST('L  intended  for  .nit  i -subm.ir  i in'  warfare  (ASW).  I he  long  wings 
re!  loot  a desire  for  a long  flight  dur.ition  I'.ipabiliiv  at  relatively  slow 
wing-borne  speeds  — a requ  i reiient  i.  r sui  h .a  mission.  beyond  this,  the 
.till  raft  h.is  a superfi.  ial  resemblan  e to  .a  m.irriage  betwi-iui  highiv  effi- 
cient, h i gh-bvpass-r.at  io  turbot.an  engines  (the  large  engine  nacelles)  and 
the  design  l.ayout  of  the  XV-'iA  (Figure  ’>  ) with  its  foiward  fan.  In 
actuality,  the  propulsion  is  more  ci'inplex  .ill  three  i.ins  .are  sh.itt 
drivi-n  .ind  h.ive  vari.ible  pitch  bl.ade--  like  [ impel  lers.  Tin  re  .ire  iwo 
core  engines  in  eai  h n.ui'lle  prim.ifilv  to  meet  a proposed  engine-out 
requirement  (.an  engine  can  be  lost  in  hover  without  c.a  t .is  t roph  i c results). 


FLIGHT  CONTROLS 

Not  evident  I rom  the  three-view  drawing  of  Figure  1.’  is  the  te.linoli.gv 
to  bi'  used  for  lontrol  of  the  .lircr.ilt;  indeed,  decisions  are  still  being 
made  in  this  .iri'.a.  However,  requ  i ti-inen  t s for  .a  I 1 -we.it  her  oper.iii.'ii  and 
for  recovery  (landing)  .iho.ird  ships  smaller  i h.an  .airtr.ift  c.iiriers  both 
diitate  higher  levels  of  control  .and  ?;l.abilitv  augmentation  th.an  in  the 
past  designs. 

Under  cons  i dera  t i on  is  so-i-.alled  fly-by-wire  (FBW)  teihnologv,  the 
words  .il  hiding  to  the  f.ii  t that  the  hvdr.iulic  control  surt.a.e  position- 
ing .actu.itors  are  e 1 ei  t r i c.a  1 1 y , r.ather  than  mechan  i i .i  1 1 v , cont  tolled. 

This  .ipproach  has  on  1 v recently  become  feasible  tor  the  priimirv  flight 
lontrols  bv  virtue  of  competitive  si/e,  weight,  electric.al  power  require- 
ments, high  reliability  (through  extensive  redundanev  with  self  monitor- 
ing electronics),  and  tin-  inheretit  flexibility  .ill owed  the  di-signi-r  in 
tailoiing  the  design  for  ,i  wide  r.ange  of  oppr.ating,  ci'nditii'ns  through 
full-time  augmentation.  Most  crucial  of  all,  FbW  has  w.'n  pilot  .tccep- 
tanie,  fostering  a reasonably  secure  feeling,  even  though  there  is  no 
mecii.anic.al  connection  between  tin-  stick  and  the  control  surf. ices.  Fly- 
by-wire feasibility  has  .iihieved  acieptance  prim.arilv  becausi'  of  improvi'd 
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KICUKK  12.  Advaiiied  V/STOl.  Aircraft  for  ASW  Operations.^ 

Tile  lare.e  enpirie  n.icelles  rotate  to  the  vertical  for  con- 
version; the  nose  fan  is  jnst  forward  of  the  cockpit. 

electronic  lecfinology  and  the  formidable  design  problems  it  solves  in 
providing  a viable,  non-mechanical,  backup  control,  p.ir t i cu 1 ar 1 y for 
inherently  poorly  damped  or  unstable  V'/STOL  aircraft. 

The  fly-hy-wire  systems  are  generally  meclianized  using  digital  tech- 
niques, ag.iin  because  of  the  inherent  flexibility.  Further,  the  central 
pro( essors  in  such  designs  can  perform  a variety  of  functions  in  addi- 
tion ti>  fliglu  control.  These  include  navigation  and  guidance,  stores 
and  f iH‘ 1 management,  and  providing  the  driving  signals  for  a varietv  of 
electronic  panel  or  he.id-up  displays.  Unlike  typical  past  practice,  the 
display  system  becomes  e 1 ei' t ron ica 1 1 v Integrated  with  the  flight  controls 
and  uses  the  same  sources  ot  sensi'd  i nf  orm.i  t i on  . 

Also  under  consideration  are  basic  alternatives  in  form  and  function 
of  the  major  cockpit  controls.  Repl. icing  the  familiar  centerstick  with 
a sidestick  controller  is  one  possibility.  Another,  and  more  fundamental 
( hange  relates  to  the  throttle  and  conversion  controls  for  transition 


^ Adapted  from  S.  C.  .lensen  and  R.  .1.  Pera.  "A  I rplane/Kngine  Optimi- 
zation for  an  tlperat  ions  l.ift/Crulse  V/STOl.  Airplane,"  in  A Coi  iou  . / 
I I'atJi’rr;  Pv'  ••  CiitHiit':  of  the  AlAA/NASA  V/:"'.'OI,  Pcyiferetiee , Palo 
Alt.,  'ilif.',  PS  Pun,  Pp.  il-)9.  (AIAA  Paper 
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.uiii  hoviriny;  flight.  It  inw'it  hr  rr<  > vn  i zed  that  propulsion  system  cu'ii- 
tri'l  in  a V/STOI  is  an  intepii!  part  of  tlie  flight  control  task  because 
I't  the  ciircH't  and  immediate  c'tfc'ct  which  chanites  in  the  thrust  magnitude 
and  direct  ic'ii  have  on  the  aitaiaft  motions.  This  carric's  with  it  strong 
i mp  1 i 1 .1 1 i ons  with  regard  t (>  the  dc'sijn  of  tin*  pilot's  displays  and  con- 
trols; both  will  tend  to  integrate  functions  which  in  a conventional  air- 
cratt  are  h.indled  sc'par.it  e 1 v . 

U 

Recent  simulator  studies  have  shown  favorable'  rc-snlts  with  a conver- 
sion cc'iitrc'l  and  stabilization  sciieme  designed  to  overcome  past  V/STOL 
piloting  ditficulties  during  precision  instrument  approach  cited  earlier. 
This  scheme  is  shown  in  Kiguit'  1 1. 
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KKIURE  IT.  Proposed  Ihrottle,  Conversion,  and  Path  Controls.® 
Hie  transition  lever  controls  thrust  angle,  the  power  lever 
controls  thrust  magnitude.  Both  controls  function  similarly 
to  those  shown  in  figure  11,  hut  the  two  thumb  buttons  and 
the  velcjclty  ccmtrol  lever  are  new  (see  text). 


® Vernon  K.  Merrick  and  Ronald  M.  Cerdes.  "Design  and  Evaluation  of 
an  Independent  Flight  Control  System  Concept  for  Manual  IFR  V/STOL  Opera- 
tions," in  A Collection  of  Technical  ’'ofiera;  Pvoceedinije  of  the  AIAA^ 

NACA  V/CTOC  Conference,  Palo  Alto,  Cilif.,  t'-H  June  197''.  'pp.  229-2  17  . 
(AIAA  Paper  77-601.) 
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Iwi)  I'f  the  Figure  1 i rontrols,  tiie  1’  lever  .ind  the  T lever,  fiin<  tlon 
like  the  AV-8A  threttle  and  nozzle  angle  levers  (Figure  11);  the  first 
ei'nlrols  thrust  magnitude  .ind  » he  se(  ond  (-(introls  t o re-;itid-a  f t thrust 
angle.  The  thumb  huLtoti  on  top  of  the  throttle  allows  for  vernier  thrust 
(tiozzle)  angle  control  in  hover,  both  fore  atui  .aft  and  laterally.  Air- 
cr.itt  pitch  ,iml  roll  .attitude,  and  he.ading  (y.aw  tingle)  are  held  f i xe<l  bv 
an  .lu t op  i lot  . 

rite  third  control,  the  VC  lever,  tiutomtites  the  first  two.  It  is  used 
tl'  comm.uid  velocity  feedback  control  systems  iti  the  horizonttil  .and  verti- 
cal directions.  This  requires  velocity  signals  such  as  available  from  a 
guid.ince  or  nttvigation  svstem.  Deflections  of  the  VC  lever,  fore  and  aft, 
commtind  vertical  velocitv  in  transition  tind  hover.  The  thumbwheel  com- 
mands t o re-and-ii  I t <acce  1 er.at  ion  tind  deceleration  for  tr.ansition  .and  hover, 
wh  i 1 till-  thumb  button  on  top  of  the  lever  commands  horizontal  vernier 
velocity  ch.atiges  in  tttiv  of  the  four  (forward,  aft,  left,  right)  direc- 
tions. The  prinuiry  cotitrols,  the  1’  .and  T levers,  move  in  response  to  the 
velocitv  teedhack  controls,  i.e.,  thev  .are  driven  by  p.arallel  servos. 

Ihe  pilot  is  thereby  .apprtiised  of  the  control  power  he  is  using. 

It  is  prob.ahly  f ;i  i r to  state  that  this  experimental  scheme  would  be 
regarded  by  many  in  the  .aerosptice  field  ;is  a case  of  "overkill,"  i.e., 
it  gi'es  too  f;\r  in  autom.ating  the  aircraft.  Cert.ainlv,  it  is  crucitilly 
di'pendent  upoti  sensors  c.apahle  of  measuring  aircraft  velc'cities  in  three 
ciirections;  without  these  sigtials,  the  VC  lever  is  useless.  On  the  other 
h.ind,  this  "radical"  approach  is  potetit  ki  1 1 v capable  of  curing  certain 
ot  the  deticiencies  in  V/STOI.  flight  control  which  heretofore  have  proven 
i nt  r.ac  t .ah  1 e . Future  design  of  the  conversion  controls  will  likely  take 
the  form  of  some  com]'romise  betweeti  .in  unaugmented  configuration,  typi- 
tied  by  Figure  11,  and  .a  highly  .augmented  configuration  such  .as  th.at  of 
F i gure  I i . 

DISPUYS 

This  report  has  only  briefly  touched  upon  the  pilot's  instrument 
p.inel  in  cotniection  with  the  need  to  monitor  the  status  of  engine  oper.a- 
tion,  .automtitic  flight  control  system,  etc.  The  m.ajor  panel  inst  rumetits , 
e.g.,  .attitude  hall,  .altimeter,  comp.iss,  etc.,  have  undergone  reltitively 
little  ch.ange  over  sevi-r.al  dec.ades  for  either  convetU  iona  1 or  V/STOl.  air- 
iralt.  These  itistruments  .are  used  by  the  pilot  to  monitor  the  progress 
of  his  tlight  .and  the  "he.alih"  of  his  .aircraft,  much  .as  an  .automobile 
driver  watches  his  speed  (tilheit  for  different  motivations!),  and  per- 
haps .a  generator  charge/d  i sch.arge  indication,  coolant  temperature,  etc. 

Hut,  the  complexity  of  the  equipment  carried  by  the  aircraft  to  per- 
form its  mission,  plus  the  complexity  of  the  svstems  used  in  flying  the 
.aircr.att,  Inive  resulted  in  .a  pro  1 i f e i .a  t i on  of  i ns  t rumi'iit  s , ;is  .atiy  gl.ance 
at  the  panel  in  the  cockpit  of  an  airliner  will  verify.  Most  of  these 
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are  e ! ei  t ri'imechan  i ea  1 in  nature,  have  a single  spe<  iaiizeii  funrtinn,  anci , 
when  not  being  used  in  a particular  phase  of  flight,  take  up  panel  space. 
The  pilot  finds  it  diificult  to  assimilate  tht'  information  he  must  have 
to  tlv  the  airplane  and  <arrv  out  his  mission. 

Again,  eleitronic  and  electro-optical  teiTinology  advances  have  pro- 
vided an  answer,  .at  least  in  principle.  The  trend  in  most  new  aircraft 
d«>signs,  not  just  V/.STOhs,  is  for  the  displ.ay  of  intorm.ation  on  small 
lathode  r.jy  tubes  (CRTs)  — basicall"  spec  i <a  1 -pur  pose  , highly  sophisti- 
cated television  screens  called  electronic  multifunction  displays  (MFDs). 
Intorm.ation  c.an  be  displayed  in  a variety  ot  abstract  forms,  typic.ally 
limited  only  by  the  imagination  of  the  designer  and  pilot  acceptability. 
These  displays  operate  in  a variety  of  modes,  selected  via  pushbutton. 
Thus,  the  pilot  can  "call  up"  a given  display  based  upon  his  immediate 
intorm.it  ion  needs.  In  this  fashion,  valuable  panel  "real  estate"  is 
more  efficiently  used  than  with  single  function,  electromechanical  dial 
inst  rumiuits . 

A m.ijor  variation  on  the  MFD,  which  has  found  earlier  acceptance,  is 
the  he.id-up  display  (HUD).  With  this  device,  the  image  is  projected  itn  a 
flat  semi-reflective  piece  of  glass  in  the  pilot's  forward  field  of  view. 
Information  is  superimposed  on  the  pilot's  view  of  the  outside  world;  he 
does  not  have  to  look  inside  the  cockpit  for  critical  information  ele- 
ments. One  can  view  these  devices  as  sophisticated  gunsights;  the  m.ijor 
motivation  for  the  HUD  is  the  display  of  critical  flight  inform.ation 
while  tracking  a target  at  the  .kame  time.  Given  the  presence  of  the  HUD, 
one  c.in  use  it  in  all  flight  phases,  not  just  target  tracking.  In  parti- 
cular, one  can  be  aware  of  one's  flight  status  while  groping  (visually) 
for  siglit  of  the  landing  pad  (.luring  instrument  approach. 


CONCLUDING  REMARKS 

This  report  has  outlined  certain  basic  aspects  of  V/STOl.  technology 
and  the  hardware  and  briefly  discussed  certain  deficiencies  in  past  air- 
craft which  adversely  impact  the  pilot.  Many  of  these  deficiencies  .ire 
inherent  in  the  aircraft's  aerodynamics  and  propulsion,  particularly  as 
the  disk  loading  (and  associ.ated  top  speed  capability)  goes  up. 

This  does  not  mean  that  such  aircraft  are  impractical;  it  does  mean 
that  a relatively  greater  reliance  must  be  placed  on  autom,ited  fe.itures  In 
the  aircraft's  t I Ighf  controls  than  h.is  heretofore  been  the  case.  These 

features  will  likely  be  as  important  to  future  V/Si'OI.  aircraft  integrity 
as  the  propulsion  system  .and  the  aircraft  structure.  The  resulting  V/STOL 
will  exhibit  response  characteristics  considerably  more  in  tune  with  the 
pilot's  capabilities  and  the  flying  tasks  he  must  perform. 
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